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Preface to ”Plastic and Reconstructive Surgery in
Personalized Medicine”

This Special Issue of the Journal of Personalized Medicine covers several trending topics, such as

individualized microsurgery, flap imaging, customized perforator flaps, monitoring flap perfusion,

tailored tissue engineering for reconstruction, and biofabrication applications in personalized

plastic and reconstructive surgery. It also includes research into the background of what plastic

surgeons do and how the science behind our operative treatments may alter or influence future

developments. This Special Issue demonstrates how scientific research and clinical alertness and

experience together further our ability to help aid patients with reconstructive problems.

In summary, this Special Issue shows an impressive broad spectrum of high-level clinical and

basic scientific research which is currently ongoing in the field. The compilation of multiple surgical

techniques, innovative imaging, and research tools is highly recommended for anybody interested

in advances and updates on contemporary plastic and reconstructive surgery. It also impressively

highlights that plastic surgery is definitely a trending topic, from more general to highly personalized

approaches.

Andreas Arkudas and Raymund E. Horch

Editors
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Special Issue “Plastic and Reconstructive Surgery
in Personalized Medicine”
Raymund E. Horch * and Andreas Arkudas
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University Hospital Erlangen, Friedrich Alexander University Erlangen-Nuernberg FAU, Krankenhausstrasse 12,
91054 Erlangen, Germany
* Correspondence: raymund.horch@uk-erlangen.de

With an ever-growing knowledge in various disciplines of medicine and with rapidly
evolving new techniques and operative methods in plastic surgery, it is obvious that it
becomes more and more difficult to keep up with all the developments in this field at any
time. Despite a plethora of scientific literature in various media, we felt that a Special Issue
on the trending topics in plastic and reconstructive surgery could help to gain an overview
of the recent advances in the field. We have therefore attempted to bundle the latest
research and clinical data in a Special Issue on plastic and reconstructive surgery which,
as such, offers a broad spectrum of different contemporary reconstructive techniques,
including split skin transplantation and local as well as free flaps. Due to worldwide
increasing expertise today, by means of microsurgery and perforator flaps, almost every
reconstructive issue can be addressed somehow utilizing individually tailored techniques.
Flaps can by their very nature comprise different tissues and can be custom designed
using new imaging technologies [1–3] in order to increase the safety of the procedures and
to retain the form and function of the reconstructed area in accordance with the donor
site morbidity [4], as well as to reduce complications [5]. Automated devices—such as
topical negative pressure application—to clean and precondition complex wounds and
make them suitable for flap or skin graft coverage have found their way into daily clinical
practice [2]. As with other developments of the specialty, the ingenuity of plastic surgeons
leads to a continuous further evolution, and improvements of such technical tools are
subject to sustained improvement and new indications. Additionally, given the modern
armamentarium of surgical options today, approaches can be adjusted to increasingly
personalized surgical treatment.

This issue of the Journal of Personalized Medicine covers several trending topics, such
as individualized microsurgery, flap imaging, customized perforator flaps, monitoring flap
perfusion, tailored tissue engineering for reconstruction, and biofabrication applications in
personalized plastic and reconstructive surgery. This also includes research into the back-
ground of what plastic surgeons do and how the science behind our operative treatments
may alter or influence future developments [6–9]. This Issue demonstrates how scientific
research and clinical alertness and experience merge into new knowledge to further our
capability to help aid patients with reconstructive problems.

In detail, Grüner et al. describe their experience with topical negative pressure therapy
with instillation to cope with infected alloplastic implants in breast surgery and offer a new
concept for this clinical issue [10]. Promny and coworkers discuss their findings concerning
the safety of lipotransfer after breast-conserving therapy (BCT) and irradiation in breast
cancer patients. They highlight that the safety of lipotransfer has still not been clarified
yet due to contradictory data, and they present an innovative approach to provide more
scientific data to clarify the issue [11]. Polykandriotis et al. present their research on the
mechanical properties of suture materials and studies of how sutures break down under
cycling loading [12]. Luze and coworkers assess the viability of skin flaps with thermal
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imaging as a potential personalized approach [13]. Frank et al. show the improved safety
of DIEP flap transplantation with a detailed perforator anatomy study [14]. Hsu et al.
studied the number of surgical interventions and specialists involved in the management
of patients with neurofibromatosis type I in a 25-year analysis and discuss their approach
to provide comprehensive individualized care to patients with NF [15]. Geierlehner and
coworkers investigated the intraoperative blood flow of DIEP vs. ms-TRAM flaps in breast
reconstruction combining transit-time flowmetry and microvascular indocyanine green
angiography to learn more about the various flow patterns and to establish a threshold
for optimal anastomotic conditions [16]. Cai et al. successfully managed to establish a
special microsurgical transplantation technique of pedicled muscles in an isolation cham-
ber as a novel approach to engineering muscle constructs via perfusion decellularization
in an animal model [17]. Bigdeli and coworkers demonstrate the value of the free my-
ocutaneous tensor fasciae latae flap for sternal defect reconstructions in a single-center
experience with a considerable number of patients [18]. In another study, they compared
the use of combined versus single perforator propeller flaps for the reconstruction of large
soft tissue defects in a retrospective clinical study [19]. Dastagir and coauthors describe
their clinical algorithm for non-invasive and surgical modalities for scar management [20].
Müller-Seubert et al. demonstrate intra- and early postoperative evaluations of malper-
fused areas in an irradiated random pattern skin flap model using indocyanine green
angiography and near-infrared reflectance-based imaging and infrared thermography [21].
The value of indocyanine green to control leakage in isolated limb perfusion is described as
a new and effective tool by Zucal and coworkers [22]. In addition, Thiem et al. studied the
value of hyperspectral imaging for the clinical assessment of free flap monitoring compared
to clinical monitoring in a prospective non-randomized clinical trial [23]. Diana Heimes
and coworkers also investigated hyperspectral imaging if it is suitable to assess collateral
circulation prior to radial forearm free flap harvesting and compare this tool to the con-
ventional Allen test [24]. A retrospective cohort analysis by Wagner et al. describes the
detection of post-traumatic lymphedema after open fractures of the lower extremity [25].

The prospects of hyperspectral imaging are also highlighted by Nischwitz et al. who
prospectively compared thermal, hyperspectral, and laser Doppler imaging as non-invasive
tools to detect the deep inferior epigastric artery (DIEP) perforators [26]. On the basis of
their huge experience with hundreds of pelvic reconstructions, Horch et al. described a very
innovative approach using the transpelvic vertical rectus abdominis myocutaneous (VRAM)
with a new modification to allow an individualized procedure, including the urethral orifice
into the skin paddle of VRAM flaps (Figure 1) to circumvent urinary diversion and maintain
an acceptable quality of life [27]. The use of a novel two-stage reconstruction technique for
extended femoral bone defects using an allograft in accordance with the Capanna technique
with an embedded vascularized fibula graft in an induced membrane according to the
Masquelet technique is described by Combal and co-authors [28]. Another mode of free
flap assessment is reported by Huang et al. who used a wireless bioelectrical impedance
assessment system for the quantitative analysis of tissue status and potential vascular
compromise following microsurgery [29]. Ehrl and co-authors address another clinically
relevant problem—the challenging defect coverage after forequarter amputations—in a
thorough review assessing different surgical approaches, including different flaps [30].
Adding another facete, Heinzel et al. review the interplay of psychosocial factors and
peripheral nerve lesions with their carefully considered and interesting title “beyond
the knife“ [31].

In summary, this Special Issue shows in an impressive broad spectrum of high-level
clinical and basic scientific research which is currently ongoing in the field. The present
compilation of multiple surgical techniques, innovative imaging, and research tools are
highly recommended for anybody interested in advances and in an update on contemporary
plastic and reconstructive surgery. It also highlights in an impressive way that plastic
surgery is definitely a trending topic, from more general to highly personalized approaches.
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Figure 1. Schematic illustration of folded skin island of VRAM flap and neourethral orifice as
well as of rectus abdominis muscle, tunneled subcutaneously. The flap donor site is closed with
alloplastic mesh.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Peri-prosthetic breast infections pose a risk of severe complications after breast implant
surgery. The need to remove the breast implant, control the infection and perform additional surgical
procedures are the consequences. Reimplantation of an alloplastic implant is only appropriate after
an infection-free interval. In this retrospective cohort study, we investigated the effectiveness of
negative pressure wound treatment with instillation and dwell time (NPWTi-d) on peri-prosthetic
breast infections in combination with implant removal and antibiotic therapy. Twelve patients treated
with NPWTi-d due to breast implant infection were included in the study. The bacterial burden
was analyzed using wound swabs before and after NPWTi-d. Additionally, laboratory values were
determined before NPWTi-d and immediately before wound closure. A total of 13 peri-prosthetic
breast infections in 12 patients were treated using implant removal and NPWTi-d. In 76.9% (n = 10)
of the cases, the patients had undergone alloplastic breast reconstruction following cancer-related
mastectomy, whereas 23.1% (n = 3) of the patients had undergone breast augmentation for cosmetic
reasons. The bacterial burden in the breast pocket decreased statistically significant after implant
removal and NPWTi-d. No shift from Gram-positive to Gram-negative bacteria was observed.
Inflammatory markers rapidly decreased following treatment. NPWTi-d had a positive impact on
the healing process after peri-prosthetic breast infections, leading to a decrease in bacterial burden
within the wounds and contributing to uneventful healing. Therefore, secondary reimplantation of
breast prostheses might be positively influenced when compared to conventional implant removal
and simple secondary closure. Further studies are required to conclusively establish the beneficial
long-term effects of using NPWTi-d for the treatment of peri-prosthetic breast infections.

Keywords: breast infection; peri-prosthetic infection; breast implant infection; silicone prostheses;
negative pressure wound therapy; instillation

1. Introduction

According to the literature, peri-prosthetic breast infections are relatively rare events.
Although autologous breast reconstruction has become a standard procedure, alloplastic
breast augmentation and breast reconstruction with silicone implants continue to be popular
procedures [1–5].

Peri-prosthetic breast infection (PPBI) is still a severe complication that is associated
with surgical site complications and implant loss. In particular, patients undergoing tumor-
associated radiation therapy of the breast before or after alloplastic breast reconstruction
commonly suffer from wound-healing disorders and serious infections. Thus far, there
is no consensus regarding the optimal treatment for PPBI. Standard treatment options
include removal of the implant and prolonged administration of intravenous antibiotics.
Subsequent issues include loss or contracture of the implant pocket, which means that
the patient may need additional alloplastic or autologous breast reconstruction. Negative
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pressure wound therapy with instillation and dwell time (NPWTi-d) has only anecdotally
been described in the context of PPBI [6].

More recent data describe the advantages of using instillational negative pressure
wound therapy (NPWT) with different rinsing solutions for the treatment of acute and
chronic wounds, infectious wounds and even burn injuries [7–14]. NPWTi-d with an
antiseptic solution achieves a greater reduction in the number of pathogenic species within a
wound compared to NPWT with no solution [15]. Furthermore, duration of hospitalization
and days to wound closure in complex infected wounds can be significantly reduced with
NPWTi-d compared to traditional wound care. Consequently, there can be a reduction in
the cost of treating complex wounds [16,17]. However, little is known about the use of
NPWT in breast infections following breast implantation. It has been demonstrated that
topical negative pressure used as closed incisional NPWT on closed operation wounds
improves local blood circulation and reduces edema as well [18–25].

The incidence of PPBI is between 0.1 and 2.5% [26–30]. Because the overall incidence
of PPBI is low, we present this pilot study of 12 patients who underwent implant removal
and NPWTi-d due to PPBI.

2. Materials and Methods

A retrospective analysis of 13 infected breasts in 12 female patients who underwent
NPWTi-d due to peri-prosthetic breast infection was conducted. Due to the retrospective
nature of this study, we did not recruit a control group of patients who received alternative
treatment (PPBI without NPWTi-d). Cases were analyzed based on a complete medical
record review, including regular patient follow-ups.

We used a computerized system to apply topical negative pressure with automatic
instillation cycles (V.A.C. VeraFlo Therapy, Kinetic Concepts, Inc., San Antonio, TX, USA),
using polyhexanide (0.4 mg/mL) (Lavasept, B. Braun Medical AG, Freiburg, Germany) as
a rinsing solution. NPWTi-d was initiated immediately after removal of the implant. The
first wound swab was taken directly after explantation of the implant and before irrigation
of the pocket; a second wound swab was taken before wound closure. The instillation
volume was adapted to the wound surface area so that the entire wound bed was covered
with instillation fluid. Dwell frequency was 2-hourly. A dwell time of 20 min and pressure
of −125 mmHg with continuous suction was set. Soaking time intervals were set between
2 and 3.5 h, depending on the clinical wound situation, and instillation of the wound was
performed in every cycle. The foam was changed every 3–5 days with inspection of the
wound bed to check for tissue granulation and signs of infection.

In all cases, a complete capsulectomy was performed. In all but one case, the patients
received antibiotics perioperatively, during NPWTi-d treatment and for another 5 days
after wound closure/reconstruction/reimplantation. In the other case, antibiotic treatment
was only performed as a single shot preoperatively before implant removal and for another
5 days after reconstruction.

Data were analyzed for bacterial colonization of the implant pocket. Data from the
first and last wound swabs before and after NPWT were collected. The wound swabs
were obtained by the surgeon in a standardized manner by carefully passing the swab
through the implant pocket. The number of different bacterial species (NDB) was counted,
and the amount of bacteria (AB) in the culture was measured by the local Institute for
Clinical Microbiology, according to recent studies [12,23]. Semiquantitative examination of
the bacterial culture determined the extent of bacterial colonization of the implant pocket
on an ordinal scale (1–4) for each bacteria (1: sparse, 2: moderate, 3: several, 4: plenty).
Due to the heterogeneity of the bacterial colonization, the total amount of all bacteria
found in the breast pocket was calculated by summing the semiquantitative ordinal scaled
numbers of each bacteria. In addition, blood samples focused on inflammatory markers,
including CRP and leukocyte count, were obtained before NPWTi-d and 5–6 days later
during hospitalization.
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Statistical analysis was performed using GraphPad Prism (Version 8.3.0 Prism 8,
GraphPad Software Inc., La Jolla, CA, USA). The Wilcoxon signed-rank test was used for
statistical analysis.

A p-value ≤ 0.05 was defined as a statistically significant (*) difference among the
treatment groups. A p-value ≤ 0.001 was considered a highly significant (**) difference.
Values are presented as mean ± standard deviation.

3. Results
3.1. Patient Demographics

We analyzed a total of 13 cases of PPBI in 12 female patients whose ages ranged from
24 to 94 years (median age: 52 years, mean age: 49.3 years). In 11 cases, the patients
continued with regular follow-up at our outpatient clinic at 6 weeks and 6 months after
the operation. In one case, follow-up ranged between 4 weeks and 5 years due to the
retrospective nature of the study and the sometimes very long distance from the patient’s
home to the hospital. In one case, there was no further consultation in our hospital records
due to the patient’s advanced age of 94 years.

In 76.9% (n = 10) of the cases, the patients had received a silicone gel-filled implant
for reconstructive reasons following cancer-related mastectomy, while 23.1% (n = 3) had
received an implant for cosmetic reasons. Figure 1 shows the time range from implantation
to removal of the implant due to PPBI. In one case, the time since the first implantation was
unknown. The median time between implantation and explantation of the implant was
8 weeks, and the mean time in between was 36.2 weeks.
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Figure 1. Time between implantation and explantation of the breast implant.

All patients had complete remission of their infection after NPWTi-d treatment fol-
lowing implant removal; the remission parameters were resolution of the clinical signs
of infection (redness, swelling, pain), decreased serum CRP and serum leukocytes and
absence of pus in the exudate. We performed secondary wound closures in 10 cases. One
patient received a free muscle-sparing transverse rectus abdominis myocutaneous flap
(ms-TRAM flap) and a free deep inferior epigastric artery perforator flap (DIEP flap) for
reconstruction of both breasts in the later course, while another patient underwent repeated
breast augmentation with a silicone implant. In three cases, split-thickness skin graft trans-
plantation was necessary during the initial treatment due to the severity of the infection
and related soft tissue loss. These patients received a free ms-TRAM flap or DIEP flap at a
later stage.

In Table 1, patient characteristics are presented.

7



J. Pers. Med. 2022, 12, 2054

Table 1. Patient characteristics.

Patient No. Age (In Years) Reconstructive
(R)/Cosmetic (C) Infected Side Radiation Relevant Concomitant Diseases

1 52 R Both No Hypertension, deep vein
thrombosis of the lower leg

2 58 R Left Yes None
2 60 R Right Yes None
3 54 R Right No Allergy to penicillin

4 40 R Both Yes Allergy to novaminsulfone,
tramadol and clindamycin

5 61 R Right No
BRCA2 mutation, hepatic steatosis,
allergy to amoxicillin, clindamycin

and tramadol
6 94 R Left Yes Urinary incontinence, hypertension
7 24 C Both No Smoker
8 41 R Both No None
9 42 C Right No None

10 55 R Right No Pulmonary embolism
11 32 C Both No None
12 46 R Both No None

In Figure 2, an example of NPWTi-d in a 58-year-old patient with PPBI is shown.
Figure 2a presents a severe infection of the skin with necessary excision and skin graft
transplantation. In Figure 2b the topical treatment with NPWTi-d is illustrated. In Figure 2c
a free ms1-TRAM flap is shown which was conducted five months later.
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Figure 2. Example of NPWTi-d (b) in a 58-year-old patient with a history of breast cancer shown
with PPBI. (a) Skin graft transplantation due to severe infection of the skin with necessary excision
of the skin. (c) Five months later, the skin graft was removed, and the right breast underwent free
ms1-TRAM flap reconstruction. The free ms1-TRAM flap was well perfused, and follow-up remained
uneventful 6 weeks and 6 months later.

3.2. Bacterial Burden and Flora

In Figure 3, the bacterial burden before and after NPWTi-d is presented. Before NPWTi-
d, the bacterial burden counted an average of 1.92 (1.32 SD). Before wound closure (after
NPWTi-d), the bacterial burden was statistically significantly lower, with an average of
0.76 (1.47 SD, p = 0.002).

The average number of different types of bacteria before NPWTi-d was 0.92 (0.47 SD)
and ranged from 0 to 2 different types of bacteria. In 7.7% (n = 1), two or more different
types of bacteria were cultivated before NPWTi-d. In 76.9% (n = 10), there was one type
of bacteria, and in 15.4% (n = 2), no bacteria were found. During the further course of
treatment, all patients received antibiotics, including a cephalosporin and a antibiotic for
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anaerobic infections. Antibiotic therapy was adjusted according to the results of the wound
swab cultures.
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After NPWTi-d, the number of different types of bacteria decreased significantly, to
an average of 0.23 (0.42 SD, p = 0.001). In the bacterial culture of the second wound swab,
no cases showed two or more different bacteria. In 23.1% (n = 3) of the cases, one type of
bacteria was found in the culture of the second wound swab, while in 76.9% (n = 10), no
bacteria were found. In one case, the wound was colonized with multidrug-resistant bacteria
(methicillin-resistant Staphylococcus aureus, MRSA) in the first wound swab. In the second
wound swab (taken before wound closure), MRSA was no longer detected in the culture. The
types of bacteria included MRSA, Staphylococcus aureus, Staphylococcus epidermidis, Serratia
marcescens, Staphylococcus warneri, Enterococcus faecalis, Proteus mirabilis and Bacillus species. In
61.5% (n = 8) of the cases, swab analysis showed Gram-positive bacteria before NPWTi-d. No
shift from Gram-positive to Gram-negative bacteria was observed.

3.3. Serum CRP and Number of Leukocytes

In Figures 4 and 5, CRP and the number of leukocytes in the serum are shown, respectively.
Serum CRP (Figure 4) was statistically significantly lower before wound closure (after

NPWTi-d) compared to the initial values obtained before removal of the implant. The mean
was 55.3 mL/L before NPWTi-d and 15.5 mL/L before wound closure (p = 0.0002); serum
CRP ranged from 1.8 to 34.8 mL/L before wound closure.

The number of leukocytes (Figure 5) was statistically significantly lower before wound
closure (after NPWTi-d) compared to the values before the first operation. The mean values
were 8.16 × 103/µL before NPWTi-d and 5.83 × 103/µL before wound closure (p = 0.0002);
leukocyte counts ranged from 3.13 × 103/µL to 10.17 × 103/µL before wound closure.

The oldest patient (94 years) had undergone alloplastic breast augmentation for cos-
metic reasons more than 10 years earlier. She presented to our emergency unit in poor
general condition and in extreme pain with a fever. Physical examination showed a pu-
rulent wound with central skin necrosis and a unilateral exposed implant. Inflammatory
markers were very high before NPWTi-d. The other implant was removed due to capsular
fibrosis (grade IV) simultaneously with the secondary wound closure of the affected side.
This patient had no further consultation at our hospital due to her advanced age. At the
time of discharge from the clinic, her wounds were clinically inconspicuous.
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3.4. Additional Treatment Data

Time to wound closure after NPWTi-d varied between 5 and 14 days, with a mean of
8.5 days (Figure 6).
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Duration of hospitalization varied between 7 and 16 days, with a mean of 11.8 days
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4. Discussion

Peri-prosthetic breast infection is a severe complication that regularly results in mul-
tiple reoperations and risks an unsatisfactory outcome. In this context, the female breast
is a unique anatomical wound location. Radiation therapy after breast cancer surgery
is associated with elevated complications in terms of capsular fibrosis and surgical site
infection [31,32]. Furthermore, it has been discussed that breast parenchyma is subject to
bacterial colonization or contamination during breast implant procedures. Independent
from the final coverage, which in irradiated breast wounds often includes a free flap to close
the defect, technical advances, such as measuring the perfusion of the remaining tissue,
may be necessary to ensure a successful outcome and minimize tissue loss [2,3,33,34].

Evaluating the options for PPBI treatment is difficult; data are either anecdotal or
retrospectively collected because—as with other relatively infrequent surgical events—no
prospective studies exist [35]. Some have called the management of severe infection or
acute implant exposure following primary augmentation mammoplasty a classic surgical
dilemma. According to Vasilakis et al., the inconsistency and paucity of published data pre-
clude definitive conclusions regarding the optimal management of threatened implants [36].
However, despite insufficient published information about the effective management of
these situations, Spear has recommended that device removal and delayed reinsertion is
always a more conservative and predictable option, especially in seriously infected breasts
or deficient soft tissue coverage when the implant does not appear to be salvageable [37]. A
common treatment strategy after implant removal is reimplantation after weeks to months,
but no consensus exists for standardized treatment in such cases.

Another issue is microperfusion of the skin and soft tissue in PPBI, which is essential
for proper healing and hence the use of alloplastic material for reimplantation. There are
currently several tools that can provide sufficient oxygenation and microperfusion to ensure
adequate vascular supply to the affected tissue [2,3,18,19,33,38]. The use of noninvasive
tools to validate tissue perfusion can be a helpful aid in optimizing reoperations.

In cases of PPBI, a major concern besides acute treatment is to create an ideal inflammatory-
free anatomical site with maximum decontamination of the bacterial burden to facilitate
reoperation and reduce the risk of further infectious sequelae.

Besides implant removal and antibiotic therapy, which was applied to all patients in
this study except one, the use of NPWTi-d decreased the bacterial burden in the former
implant pocket. Moreover, the inflammatory blood markers decreased markedly over
a short period of time (5–6 days) after NPWTi-d was applied. Even though implant
removal and intravenous antibiotics are crucial in such cases, their actual impact on the
bacterial burden has not been defined exactly. Additional intermittent instillation of the
breast pocket seems to positively affect the bacterial burden in the wound bed. It must
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be mentioned that the true extent of NPWTi-d’s effect cannot be attributed exclusively to
NPWTi-d without comparing its results to those of a control group. However, the reduction
in bacterial load achieved through NPWTi-d reflects the results of previous studies that
assessed the effects of NPWT/NPWTi-d on various types of contaminated wounds and
different anatomical locations [12,35,39,40]. Especially for breast-associated interventions,
such as reimplantation of an implant or autologous breast reconstruction, it is of the utmost
importance to obtain clinically sterile wound conditions that are free of infection. Various
complications, such as PPBI, capsular fibrosis and even breast implant-associated anaplastic
large cell lymphoma, have been associated with bacterial colonization or bacterial biofilms.
Within the first weeks and months after implantation, PPBI results primarily from Gram-
positive bacteria, such as Staphylococcus aureus and Streptococcus [30,41]. In our study,
the majority of cases (61.5%, n = 8) showed Gram-positive bacterial colonization. The
most common bacterial species was Staphylococcus epidermidis, which affirms the possible
transmission of bacteria from the skin into the wound [42]. As infections of the implant
pocket with multidrug-resistant bacteria (e.g., MRSA) can cause severe complications due
to limited antibiotic therapy regimen options, this study focused especially on the one
patient who suffered from MRSA infection of the implant pocket. After NPWTi-d and
targeted antibiotic therapy, MRSA was no longer detected in the implant pocket. In all cases,
the infection resolved uneventfully so that successful wound closure could be achieved.

This study demonstrated the positive effects of NPWTi-d on the healing process of
peri-prosthetic wound infections and salvage of the breast implant pocket. In addition to
its positive effects on bacterial burden and inflammation, NPWTi-d was able to prevent
shrinkage in the former implant pocket and thereby preserve the skin envelope. Even
though antibiotic use might influence bacterial analysis, it is of the utmost importance
to decrease the bacterial burden in the former implant pocket, which was accomplished
with NPWTi-d. The association between bacterial contamination or colonization and unfa-
vorable sequelae following augmentation mammoplasty has been described extensively
in the literature. Hence, in our opinion, NPWTi-d is a promising tool for treating PPBI,
especially considering the goal of decreasing the bacterial burden as much as possible. This
study presents an algorithm for problematic cases of infected and possibly exposed foreign
material in the breast. Following removal of an infected breast implant, NPWTi-d using an
antiseptic solution is recommended until local and systemic inflammatory markers have
decreased and the local wound appears clinically clean. Between two and four changes
of the NPWT dressing should be sufficient in most cases. If reimplantation with a silicone
implant is planned, wound closure should be performed and reimplantation completed
at the earliest 3 months after total healing of the infected breast and consecutive wounds.
Planning autologous breast reconstruction offers the possibility of a direct approach fol-
lowing control of the local infection and treatment with NPWTi-d. This is possible because
autologous breast reconstruction (e.g., using a DIEP flap) provides autologous tissue, in-
cluding an independent microvascular supply. Furthermore, the patient’s own tissue has
the capacity to overcome any possible residual bacterial colonization. Patients should be
informed about the possibility of a second stage autologous breast reconstruction after an
interval of several months. Consequently, this treatment algorithm might facilitate earlier
breast reconstruction after PPBI, independent of the applied technique, leading to greater
patient satisfaction and lower patient burden by shortening the period the patient has to
live without a reconstructed breast.

Other authors have stated that NPWTi-d, which has become a game changer in
the treatment of infected wounds, is an appropriate tool for the treatment of PPBI, and
we agree [43,44]. However, it should be combined with intravenous antibiotic therapy
perioperatively. The prolonged use of antibiotics in addition to NPWTi-d needs to be
reconsidered after trials with more cases and according to the general condition of the
patient, concomitant diseases and the severity of the infection.

The findings of this study correspond to those of other publications [12,23,40,45,46].
Studies have found that, not only in PPBI but especially in chronic wounds, a significantly
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lower bacterial load was obtained after applying an antiseptic instillation solution as an
adjunct to NPWT [12,47].

In all cases in this study, the breast implant pocket was preserved by NPWTi-d, which
is consistent with the results of two studies published by Meybodi et al. in 2017 and
2021 [43,48].

Only a few previous cases have described the use of NPWT, with or without instil-
lation, as a treatment option for peri-prosthetic infections [48–50]. Therefore, to confirm
our findings, further studies with more patients are needed to develop a standardized
therapy regimen or algorithm for using NPWTi-d to treat peri-prosthetic infections. As
a study protocol that includes a prospective control group is not reasonable, comparing
a greater number of patients with a historical patient group is recommended. Moreover,
since inflammatory markers, such as CRP and leukocyte count, are not specific for any
particular bacterial infection, it would be interesting to study whether indicators of systemic
inflammation, such as laboratory markers, can be decreased more efficiently. This should
be further investigated in the future.

An already mentioned limitation of this study is that it lacked a control group, which
prevented us from comparing the NPWTi-d data with other treatments. However, these
data can descriptively show relatively fast remission of clinical infection parameters and
shortened time to wound closure and overall duration of hospitalization [51].

Surgical debridement and antibiotics undoubtedly influence the treatment of infected
wounds. Nevertheless, the results of this study confirm those of recent studies and under-
line the positive effect of NPWTi-d on bacterial burden.

5. Conclusions

Based on an analysis of 13 breast implant-related peri-prosthetic infections, the pos-
itive effects of NPWTi-d (which were already known from applications in complex and
contaminated wounds in different anatomical locations) were confirmed in the unique con-
text of breast infections. Based on these results, the use of NPWTi-d should be considered a
valuable adjunct to the treatment of peri-prosthetic breast infections in addition to implant
removal and antibiotic therapy. NPWTi-d could contribute to earlier second-stage breast
reconstruction following an infection-free interval. However, further investigations with
more cases are necessary to establish a treatment algorithm.
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Abstract: The application of lipotransfer after breast-conserving therapy (BCT) and irradiation in
breast cancer patients is an already widespread procedure for reconstructing volume deficits of
the diseased breast. Nevertheless, the safety of lipotransfer has still not been clarified yet due to
contradictory data. The goal of this in vitro study was to further elucidate the potential effects of
lipotransfer on the irradiated remaining breast tissue. The mammary epithelial cell line MCF-10A was
co-cultured with the fibroblast cell line MRC-5 and irradiated with 2 and 5 Gy. Afterwards, cells were
treated with conditioned medium (CM) from adipose-derived stem cells (ADSC), and the effects on
the cellular functions of MCF-10A cells and on gene expression at the mRNA level in MCF-10A and
MRC-5 cells were analyzed. Treatment with ADSC CM stimulated transmigration and invasion and
decreased the surviving fraction of MCF-10A cells. Further, the expression of cytokines, extracellular,
and mesenchymal markers was enhanced in mammary epithelial cells. Only an effect of ADSC
CM on irradiated fibroblasts could be observed. The present data suggest epithelial–mesenchymal
transition-like changes in the epithelial mammary breast cell line. Thus, the benefits of lipotransfer
after BCT should be critically weighed against its possible risks for the affected patients.

Keywords: adipose-derived stem cells; ADSC; MCF-10A; mammary epithelial cells; irradiation;
fibroblasts; epithelial-mesenchymal transition; mesenchymal markers

1. Introduction

Multimodal treatment of breast cancer consists of surgical treatment as well as systemic
therapies and adjuvant radiation, depending on the underlying breast cancer subtype and
breast cancer stage. Thereby, surgical therapy has become more conservative over the
last decades and breast-conserving therapy (BCT), usually followed by radiation therapy,
has evolved into a widespread alternative to mastectomy for patients with early breast
cancer [1,2]. However, BCT might provide disfiguring results, so patients and surgeons
aim to reconstruct the original anatomical contours of the breast [3–5]. This can be achieved
by lipofilling or lipotransfer, a procedure in which fat is harvested via liposuction from
typically used donor-sites (e.g., the abdomen, flank, thighs) and subsequently transplanted
into the breast. Besides its many advantages including a natural appearance and texture,
low donor-site morbidity, and easy availability, autologous fat transplants often show a low
rate of graft survival [6]. The fat grafts include a minor fraction of adipose-derived stem cells
(ADSC). To ameliorate graft viability, supplementation of the fat grafts with ADSC has been
proposed [7,8]. ADSC have immunomodulatory and paracrine characteristics and secrete
several cytokines, chemokines, and growth factors, e.g., vascular endothelial growth factor
(VEGF), fibroblast growth factor 2 (FGF-2), and insulin-like growth factor 1 (IGF-1) [9–11].
These capacities are associated with regenerative effects and might contribute to higher
fat engraftment, especially in irradiated tissues [12]. On the other hand, they might
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confer an oncological potential on the grafted fat. The issue of the oncological safety of
lipotransfer, particularly to a site where malignancy was treated, has been discussed widely
and controversially in the literature. Whereas predominantly clinical studies claim a safe
use of lipotransfer [13–18], pre-clinical studies suggested an ADSC-induced promotion
of breast cancer growth and tumor angiogenesis [9,19–22]. Among other factors, the role
of vascularization in any recipient tissue for cell ingrowth or proliferation is certainly
relevant [23–25]. Further, previous studies showed that ADSC can also influence healthy
breast tissue and induce an epithelial-to-mesenchymal transition in mammary epithelial
cells [26]. This observation should not be neglected, as many patients undergo lipotransfer
after BCT with the remaining tissue consisting partially of mammary epithelial cells. In
most of the cases, this tissue has also been irradiated. Radiotherapy has an outstanding role
in the treatment of breast cancer to eliminate (residual) cancer cells. However, it has also an
effect on the surrounding tissue. There is evidence that the microenvironment contributes
to the initiation, proliferation, and metastasis of a tumor [27–29]. Thereby, fibroblasts, the
predominant cellular component of the tumor microenvironment, play a decisive role.
Previous investigations showed that stromal fibroblasts are involved in the control of
the growth and morphogenesis of normal and tumorigenic breast epithelial cells [30,31].
Additionally, they can be activated by endogenous stimuli, such as cytokines and growth
factors secreted by tumor cells, or by external stimuli, such as radiation therapy [32–34].
Those activated “cancer-associated fibroblasts” (CAF) are considered fundamental actors in
tumor progression and were shown to promote tumor growth, invasion, and metastasis [35].
Further, they have been attributed a role in stroma-mediated radiotherapy resistance [36].
Thus, tumor development, growth, recurrence, and resistance to therapies is dependent
on various factors. When investigating the oncological safety of lipotransfer after BCT, the
interplay of different cell types and external stimuli should be considered.

The present experimental in vitro study aims to further elucidate the effect of lipotransfer
on breast tissue. Therefore, we investigated the influence of ADSC on mammary epithelial
cells after exposure to irradiation while taking into account an important element of the
microenvironment, the fibroblasts, by using a co-cultivation model. Thereby, functional
analysis was performed, and alterations in gene expression profiles were investigated.

2. Materials and Methods
2.1. Cell Lines and Cell Culture

MCF-10A (ATCC® CRL-10317™), a human mammary epithelial cell line, was a kind
gift from Matthias Rübner, Department of Obstetrics and Gynaecology, University Hospital
Erlangen. MCF-10A cells were cultivated in Mammary Epithelial Cell Growth Medium
(MECGM; PromoCell GmbH, Heidelberg, Germany) supplemented with 5 µg/mL insulin,
0.5 µg/mL hydrocortisone, 10 ng/mL epidermal growth factor (EGF), 0.004 mL/mL bovine
pituitary extract (BPE; PromoCell), 100 ng/mL cholera toxin (Sigma Aldrich, St. Louis,
MO, USA), and 1% penicillin/streptomycin (Sigma Aldrich).

The human fibroblast cell line MRC-5 was purchased from ATCC (ATCC® MRC-5
CCL-171™). It was cultivated in Eagle’s Minimum Essential Medium (EMEM; ATCC,
Manassas, VA, USA) supplemented with 10% fetal calf serum superior (FCS superior;
Sigma Aldrich). ASC/TERT1, a human-adipose-tissue-derived telomerase-immortalized
mesenchymal stem cell line, was purchased from Evercyte (Evercyte GmbH, Vienna, Aus-
tria). For their cultivation we used the Endothelial Cell Growth Medium (EGM)-2 Bul-
letKit™ (Lonza Group AG, Basel, Switzerland), a culture system containing Endothelial Cell
Basal Medium-2 (EBMTM-2) and EGMTM-2 SingleQuotsTM Supplements, enriched with
200 µg/mL Geneticin™ (Gibco® Life Technologies, Carlsbad, CA, USA) and 2% FCS su-
perior (Sigma Aldrich). All cells were cultivated at 37 ◦C and 5% CO2. The medium was
changed every 2–3 days.
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2.2. Experimental Setup

A total of 2 × 104 MCF-10A cells were seeded in their standard medium into the
lower compartment of a 6-well transwell system (pore size 0.4 µm) and cultivated until
50–60% confluency. Subsequently, the medium was replaced by a mixed co-culture medium
consisting of 2/3 MEGM and 1/3 EMEM, including their respective supplements, and
6× 105 MRC-5 cells were placed into the transwells (6-Well ThinCert™ Cell Culture Inserts,
Greiner Bio-One, Frickenhausen, Germany). For the control group, MCF-10A cells were
seeded into the transwells. Irradiation with 0 (control), 2, and 5 Gy was applied after 24 h of
co-cultivation. After another 24 h, co-cultures were either treated with ADSC conditioned
medium (CM) for 48 h for later RNA isolation and flow cytometry or irradiated co-cultures
were cultivated for a further 48 h with a mixed co-culture medium. Thereafter, MCF-10A
cells were collected for later transmigration and invasion analysis with ADSC CM.

For an analysis of gene expression of MRC-5 cells, MRC-5 cells in the transwells were
harvested for RNA isolation. For monoculture control, 4 × 103 MRC-5 cells were seeded
in the lower compartment and cultivated until 50–60% confluency. The further procedure
was analogous to the setup described above.

2.3. Preparation of ADSC Conditioned Medium (CM)

ASC/TERT1 were seeded in 75 cm2 cell culture flasks with EBM-2 medium containing
standard supplements. They were cultivated until they reached 90% confluency. After wash-
ing the cells with phosphate-buffered saline (PBS; Sigma Aldrich), ADSC were incubated in
EBMTM-2 without supplements for 24 h. Filter tubes (Amicon® Ultra-15 Centrifugal Filter
Devices, 3 K; Merck KGaA, Darmstadt, Germany) were used for concentrating CM. CM
was centrifuged at 4000× g for 30 min, and the ultrafiltrate of 15 mL CM was diluted with
2/3 MECGM containing 5% supplement mix and 1/3 EMEM supplemented with 0.5% FCS
superior (in the following described as “reduced mixed co-culture medium”) up to a total
volume of 5 mL to obtain 3-fold concentrated CM. The control medium (EBM-2 medium
containing standard supplements without cells) was incubated under the same conditions
and concentrated as above.

2.4. Irradiation

Irradiation was conducted with X-rays at a voltage of 120 kV and a 2 mm aluminum
filter using an Isovolt Titan 160 X-ray machine (GE Sensing & Inspection Technologies,
Ahrensburg, Germany). The focus-field distance was 21 cm. Irradiation doses of 2 Gy or
5 Gy were achieved at a dose rate of 2 Gy per minute. 0 Gy was utilized as control.

2.5. Flow Cytometry for Analysis of Apoptosis and Necrosis

After the irradiation and treatment of the cells with ADSC CM (including controls),
cells including the supernatant were harvested. Cells were washed, resuspended in 200 µL
of Ringer solution, and stained with 10 µL of a 1:1 mixture of Annexin V-APC (BD Bio-
sciences, Heidelberg, Germany) and 7-amino-actinomycin D (7-AAD; BD Biosciences) for
30 min on ice. Cell suspensions were transferred to 96-well plates to investigate apoptosis
and necrosis via the Cytoflex flow cytometer (Cytoflex, Beckman Coulter, Brea, CA, USA).
Excitation at 660/10 nm was used to measure Annexin V-APC stained cells; excitation at
546 nm was used to measure 7-AAD stained cells. For data evaluation, FlowJo™ Analy-
sis Software v10 (FlowJo LCC, BD Biosciences, Ashland, OR, USA) was used. Annexin
V-APC-positive and 7AAD-negativ cells were defined as apoptotic cells, and Annexin
V-APC-positive and 7AAD-positive cells as necrotic cells. Double-negative cells (Annexin
V-APC-negative and 7AAD-negative) were defined as viable cells. Cells without any
staining were used for a negative control, and cells treated with 56◦ C for 20 min served
as positive control. Flow cytometry was performed in technical triplicate and in three
independent experiments.
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2.6. Invasion and Transmigration Assay

Invasion and transmigration assays were performed in a 24-well plate using transwell
inserts with a pore size of 8 µm (ThinCert™, Greiner Bio-One GmbH, Frickenhausen, Ger-
many), whereby transwells for invasion assays were coated with 2.4 mg/mL collagen type
I from bovine skin (Sigma-Aldrich). A total of 72 h after irradiation, MCF-10A cells were
harvested, and 1× 105 cells were seeded with 300 µl reduced mixed co-culture medium into
the transwells. A total of 700 µl of ADSC CM or corresponding control medium was filled
into the lower chamber. The cells were incubated for 8 h at 37 ◦C and 5% CO2. Thereafter,
the transwell inserts were washed with PBS, followed by fixation with ice-cold methanol
and staining with 1 µg/mL 4′,6-diamidino-2-phenylindole (DAPI) for 10 min (Life tech-
nologies). A PBS-coated cotton swab was used in twisting motions to remove the remaining
cells in the inner part of the transwells. For counting transmigrated and invaded cells in
the four quadrants of each transwell, an Olympus IX83 microscope (cellSens Software,
Olympus Corporation, Tokio, Japan) was used for 40-fold magnification. Transmigration
and invasion assays were performed in technical triplicate and in three independent experi-
ments. Transmigrated or invaded cells, respectively, were semi-automatically measured
with Fiji Is Just ImageJ (Fiji) [37].

2.7. Quantitative Real-Time PCR

Expression of selected cytokines, extracellular matrix (ECM) markers, and mesenchy-
mal markers was analyzed at the mRNA level. Therefore, RNA was extracted using
the RNeasy Mini Kit (Qiagen, Hilden, Germany). QuantiTect Reverse Transcription Kit
with a DNase I incubation (Qiagen) was used for the reverse transcription of RNA into
cDNA. Quantitative real-time PCR was conducted with a Bio-Rad CFX96 Real-Time PCR
detection system (Bio-Rad Laboratories, Hercules, CA, USA) with the SsoAdvanced™
Universal SYBR® Green Supermix (Bio-Rad Laboratories). The kits were used according to
the manufacturers’ recommendations. Detected transcript levels were normalized to the
housekeeping genes Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation
protein, zeta (YWHAZ), and Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) using
the 2−∆∆CT-method. Samples were tested in technical triplicate and PCR was performed in
three independent experiments. Primer sequences are specified in Table 1.

Table 1. Primer sequences.

Gene Forward Reverse

FGF2 CCACCTATAATTGGTCAAAGTGGTT TCATCAGTTACCAGCTCCCCC
TNF-Alpha TGGGATCATTGCCCTGTGAG GGTGTCTGAAGGAGGGGGTA

IL1B GCTCGCCAGTGAAATGATGG GGTGGTCGGAGATTCGTAGC
TGFB1 CATGGAGGACCTGGATGCC TCCTGAAGACTCCCCAGACC

COL1A1 GCTCTTGCAACATCTCCCCT CCTTCCTGACTCTCCTCCGA
MMP2 GCCGTGTTTGCCATCTGTTT AGCAGACACCATCACCTGTG

FN1 GAGAAGTATGTGCATGGTGTCAG AATACTTCGACAGGACCACTTGA
VIM AATCCAAGTTTGCTGACCTCTC GTCTCCGGTACTCAGTGGACTC

CDH2 TCAATGACAATCCTCCAGAGTTTA TGATCCTTATCGGTCACAGTTAGA
YWHAZ ATGAGCTGGTTCAGAAGGCC AAGATGACCTACGGGCTCCT
GAPDH TCCACCCATGGCAAATTCCA TTCCCGTTCTCAGCCTTGAC

FGF2: fibroblast growth factor-2, TNF-Alpha: tumor necrosis factor alpha, IL1B: interleukin-1β, TGFB1: trans-
forming growth factor-β, COL1A1: collagen type I alpha 1 chain, MMP2: matrix metallopeptidase 2, FN1:
fibronectin 1, VIM: vimentin, CDH2: cadherin-2/N-cadherin, YWHAZ: tyrosine 3-monooxygenase/tryptophan
5-monooxygenase activation protein, zeta, GAPDH: glyceraldehyde-3-phosphate dehydrogenase.

2.8. Statistics

Data are presented as mean ± standard deviation. All assays were performed in three
replicate experiments. Statistical analysis was performed using the Mann–Whitney U test;
the asymptotic significance was used (SPSS v.21.0 Software/IBM, Armonk, NY, USA). Fig-
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ures were created with GraphPad Prism version 8.3.0 (La Jolla, CA, USA). A p-value < 0.05
was considered significant.

3. Results
3.1. ADSC CM Stimulated the Transmigration, Invasion, and Decreased Survival of MCF-10A
Cells after Irradiation with 5 Gy

ADSC CM significantly stimulated the transmigration of MCF-10A in monoculture,
as well as in co-culture with MRC-5 (p = 0.037; Figure 1A). In the 5 Gy irradiated cells,
this effect decreased compared to non-irradiated samples or samples irradiated with 2 Gy.
Additionally, the invasion ability of MCF-10A cells increased after treatment with ADSC
CM in MCF-10A monoculture with 0 Gy irradiation and in both monoculture and co-culture
after irradiation with 5 Gy (p = 0.037; Figure 1B). Apoptosis and necrosis analysis using
flow cytometry detected lower cell survival after treatment with ADSC CM within the 5 Gy
irradiation group (p = 0.037; Figure 1C).
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Figure 1. Effect of adipose-derived stem cell conditioned medium (ADSC CM) on the transmigration
(A), invasion (B), and cell survival (C) of MCF-10A cells. MCF-10A cells were cultured as a mono-
or co-culture with fibroblasts; irradiated with 0, 2, or 5 Gy; and treated with either ADSC CM or
control CM. Data from the ADSC CM treatment group were normalized to the corresponding group
treated with control CM (control = 1). (A–C) Columns show the ratio of transmigrated cells (A),
invaded cells (B), and the survival fraction (C) compared to the control group (y-axis) in mono- and
co-cultured cells in varying irradiation doses treated with ADSC CM or control CM (x-axis). n = 3
replicate experiments, and values are presented as mean ± SD. * p < 0.05, and the ADSC CM was
compared to the control CM (Mann–Whitney U-test).

For analyzing the effects of ADSC CM, data of cells treated with ADSC CM were
normalized to the corresponding mono- or co-culture group that were treated with
control CM.
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3.2. Co-Cultivation with Fibroblasts had a Small Effect on Transmigration and No Effect on the
Invasion and Survival of MCF-10A Cells

The transmigration rate of co-cultured and 5 Gy-irradiated MCF-10A cells treated
with control CM was significantly higher compared to monocultures (p = 0.037; Figure 2A).
Co-culture with fibroblasts had no significant effect on MCF-10A invasion or cell survival
(Figure 2B,C).

J. Pers. Med. 2022, 12, x FOR PEER REVIEW 6 of 15 
 

 

or control CM. Data from the ADSC CM treatment group were normalized to the corresponding 

group treated with control CM (control = 1). (A–C) Columns show the ratio of transmigrated cells 

(A), invaded cells (B), and the survival fraction (C) compared to the control group (y-axis) in mono- 

and co-cultured cells in varying irradiation doses treated with ADSC CM or control CM (x-axis). n 

= 3 replicate experiments, and values are presented as mean ± SD. * p < 0.05, and the ADSC CM was 

compared to the control CM (Mann–Whitney U-test). 

3.2. Co-Cultivation with Fibroblasts had a Small Effect on Transmigration and No Effect on the 

Invasion and Survival of MCF-10A Cells 

The transmigration rate of co-cultured and 5 Gy-irradiated MCF-10A cells treated 

with control CM was significantly higher compared to monocultures (p = 0.037; Figure 

2A). Co-culture with fibroblasts had no significant effect on MCF-10A invasion or cell sur-

vival (Figure 2B,C). 

 

Figure 2. Effect of co-cultured fibroblasts on the transmigration (A), invasion (B), and cell survival 

(C) of MCF-10A cells compared to monocultured MCF-10A cells. MCF-10A cells were cultured as 

mono- or co-culture with fibroblasts; irradiated with 0, 2, or 5 Gy; and treated either with adipose-

derived stem cell conditioned medium (ADSC CM) or control CM. Data from the co-culture group 

were normalized to the corresponding monoculture group (control = 1). (A–C) Columns show the 

ratio of transmigrated cells (A), invaded cells (B), and the survival fraction (C) compared to the 

control group (y-axis) in mono- and co-cultured cells in varying irradiation doses and treated with 

ADSC CM or control CM (x-axis). n = 3 replicate experiments, and values are presented as mean ± 

SD. * p < 0.05, and the co-culture was compared to the monoculture (Mann-Whitney U-Test). 

3.3. Irradiation of Mono- and Co-Cultures Decreased Transmigration and Cell Survival and 

Stimulated the Invasion Rates of MCF-10A Cells 

A total of 5 Gy irradiation inhibited the transmigration of MCF-10A cells in mono-

cultures and in co-cultures treated with ADSC CM compared to non-irradiated cells (p = 

0.037; Figure 3A). In contrast, the invasion of monocultured MCF-10A cells treated with 

control CM and of co-cultured MCF-10A cells treated with ADSC CM was significantly 

Figure 2. Effect of co-cultured fibroblasts on the transmigration (A), invasion (B), and cell survival (C)
of MCF-10A cells compared to monocultured MCF-10A cells. MCF-10A cells were cultured as mono-
or co-culture with fibroblasts; irradiated with 0, 2, or 5 Gy; and treated either with adipose-derived
stem cell conditioned medium (ADSC CM) or control CM. Data from the co-culture group were
normalized to the corresponding monoculture group (control = 1). (A–C) Columns show the ratio
of transmigrated cells (A), invaded cells (B), and the survival fraction (C) compared to the control
group (y-axis) in mono- and co-cultured cells in varying irradiation doses and treated with ADSC
CM or control CM (x-axis). n = 3 replicate experiments, and values are presented as mean ± SD.
* p < 0.05, and the co-culture was compared to the monoculture (Mann-Whitney U-Test).

3.3. Irradiation of Mono- and Co-Cultures Decreased Transmigration and Cell Survival and
Stimulated the Invasion Rates of MCF-10A Cells

A total of 5 Gy irradiation inhibited the transmigration of MCF-10A cells in monocul-
tures and in co-cultures treated with ADSC CM compared to non-irradiated cells (p = 0.037;
Figure 3A). In contrast, the invasion of monocultured MCF-10A cells treated with control
CM and of co-cultured MCF-10A cells treated with ADSC CM was significantly increased
after irradiation with 5 Gy (p = 0.037; Figure 3B). Irradiation decreased the cell survival of
MCF-10A cells significantly, whereby the surviving fraction was lower after irradiation
with the higher irradiation dose (Figure 3C).
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Figure 3. Effect of radiation on the transmigration (A), invasion (B), and cell survival (C) of MCF-10A
cells compared to non-irradiated cells. MCF-10A cells were cultured as mono- or co-culture with
fibroblasts; irradiated with 0, 2, or 5 Gy, and treated either with adipose-derived stem cell conditioned
medium (ADSC CM) or control CM. Irradiation with 0 Gy was set 1 for each group. (A–C) Columns
show the ratio of transmigrated cells (A), invaded cells (B), and the percentage of live cells (C; y-axis)
in varying radiation doses and for mono- and co-cultured cells treated with ADSC CM or control CM
(x-axis). n = 3 replicate experiments, and values are presented as mean ± SD. *: p < 0.05, and 5 Gy
and 2 Gy were compared to 0 Gy (Mann–Whitney U-test).

3.4. Treatment with ADSC CM Induced Alterations in the Gene Expression Profile in Co-cultured
and Irradiated MCF-10A Cells

For investigating changes in the gene expression of MCF-10A cells, we tested the
expression of several cytokines, ECM markers, and mesenchymal markers. Thereby, al-
terations after treatment with ADSC CM could be mainly observed in co-cultivated and
irradiated MCF-10A cells. Results are summarized in Figure 4A. Co-cultured MCF-10A
cells showed an increase in the expression of tumor necrosis factor alpha (TNF-α), inde-
pendently of the applied radiation dose (p = 0.037). Further, the expression of fibroblast
growth factor-2 (FGF2) was enhanced in 2 Gy-irradiated monocultured and co-cultured
MCF-10A cells after treatment with ADSC CM compared to treatment with control CM
(p = 0.037). mRNA levels of interleukin-1β (IL-1β) were up-regulated significantly after
treatment with ADSC CM in monocultured and co-cultured, non-irradiated MCF-10A cells
(p = 0.037). Transforming growth factor-β (TGF-β) appears to play a minor role and was
only enhanced in monocultured, non-irradiated MCF-10A cells after treatment with ADSC
CM (p = 0.037). Regarding ECM markers, we observed an ADSC CM-induced upregula-
tion of matrix metallopeptidase 2 (MMP2) in 2 Gy-irradiated monocultured and in 2 and
5 Gy-irradiated co-cultured MCF-10A cells. Further, ADSC CM stimulated the expression
of collagen type I alpha 1 chain (COL1A1) in 5 Gy-irradiated co-cultured MCF-10A cells
(p = 0.037), suggesting an influence of ADSC on ECM remodeling. Moreover, treatment
with ADSC CM induced an upregulation of mesenchymal markers. Thereby, the expression
of fibronectin 1 (FN1) was upregulated in irradiated, as well as in non-irradiated, MCF-10A
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cells, whereas the mRNA levels of N-cadherin (CDH2) and vimentin (VIM) were only
enhanced in irradiated cells, indicating the involvement of radiation-induced pathways.
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show mean relative mRNA expression in MCF-10A cells compared to GAPDH/YWHAZ and to the
corresponding control group, n = 3 replicate experiments. (A) Shows the effect of treatment with
conditioned medium (CM) of adipose-derived stem cells (ADSC) normalized to treatment with
control CM. (B) Presents the effect of co-cultivation with fibroblasts normalized to monocultures. The
effect of irradiation is demonstrated in (C), whereby irradiation with 2 Gy and 5 Gy is normalized
to 0 Gy. Values were calculated using the 2−∆∆CT method, 2−∆∆CT of control = 1. White fields:
2−∆∆CT < 1; * p < 0.05, increased compared to the corresponding control (Mann–Whitney U-test).
TNF-α: tumor necrosis factor alpha, IL-1β: interleukin-1β, TGF-β: transforming growth factor-β,
FGF2: fibroblast growth factor-2, MMP2: matrix metallopeptidase 2, COL1A1: collagen type I alpha
1 chain, FN1: fibronectin 1, CDH2: cadherin-2/N-cadherin, VIM: vimentin.

Data on co-cultures were also normalized to the corresponding conditions in monocul-
ture to analyze the effect of co-cultivation with fibroblasts (Figure 4B). Thereby, we found
a small, but significant, increase in IL-1β expression in co-cultured MCF-10A cells in the
ADSC CM treatment group (p = 0.037). Moreover, COL1A1 and FN1 were enhanced in
irradiated co-cultured MCF-10A cells.

Normalizing the data of 2 Gy- and 5 Gy-irradiated groups to the corresponding non-
irradiated cells revealed a 2 and 5 Gy irradiation-induced upregulation of FGF2 and MMP2
in co-cultured MCF-10A cells treated with control CM (p = 0.037; Figure 4C). Furthermore,
5 Gy irradiation induced an enhanced expression of VIM in co-cultured and non-irradiated
MCF-10A cells (p = 0.037).

3.5. In MRC-5 Cells, Co-Cultured MRC-5 Cells Revealed an Upregulation of IL-1β, and
Irradiation of Co-Cultured MRC-5 Cells Showed a Higher Expression of TGF-β

For a gene expression analysis of MRC-5 cells, the selected cytokines and ECM marker
according to recent results were examined. Altogether, we observed a minor effect from
ADSC CM and irradiation on the gene expression of fibroblasts, apart from TGF-β. Results
are summarized in Figure 5. Treatment with ADSC CM revealed an increased expression
of TGF-β in non-irradiated and 5 Gy-irradiated and co-cultured MRC-5 cells (p = 0.037;
Figure 5A). Further, we observed an enhanced expression of COL1A1 in co-cultured and
5 Gy-irradiated fibroblasts after treatment with ADSC CM (p = 0.037; Figure 5A).
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Figure 5. Alterations in gene expression profiles at the mRNA level in MRC-5 cells. The heatmaps
show mean relative mRNA expression in MRC-5 cells compared to GAPDH/YWHAZ and to the
corresponding control group, n = 3 replicate experiments. (A) Shows the effect of treatment with
conditioned medium (CM) of adipose-derived stem cells (ADSC) normalized to treatment with
control CM. (B) Presents the effect of co-cultivation with MCF-10A cells normalized to fibroblast
monocultures. The effect of irradiation is demonstrated in (C), whereby irradiation with 2 Gy and 5
Gy is normalized to 0 Gy. Values were calculated using the 2−∆∆CT method, 2−∆∆CT of control = 1.
White fields: 2−∆∆CT < 1; * p < 0.05, increased compared to the corresponding control (Mann–Whitney
U-test). IL-1β: interleukin-1β, TGF-β: transforming growth factor-β, FGF2: fibroblast growth factor-2,
MMP2: matrix metallopeptidase 2, COL1A11: collagen type I alpha 1 chain.

The co-cultivation of MRC-5 with MCF-10A cells showed an upregulation of IL-1β
(p = 0.037) with an up-to-14-fold increase in 5 Gy-irradiated cells and independently from
treatment with ADSC CM (Figure 5B). Moreover, co-cultivation stimulated the expression
of FGF2 in 5 Gy-irradiated fibroblasts treated with ADSC CM and in 0 and 2 Gy-irradiated
fibroblasts treated with control CM (p = 0.037). TGF-β was only upregulated in the non-
irradiated and ADSC CM group. However, irradiation evoked higher TGF-β mRNA levels
in co-cultured fibroblasts (Figure 5C). Whereas no stimulatory effect of ADSC CM and co-
culture per se could be observed in MMP2 expression, irradiation with 5 Gy revealed higher
mRNA levels of MMP2 in monocultured and ADSC CM-treated fibroblasts compared to the
non-irradiated cells (p = 0.037), supporting an influence of irradiation on MMP activation
and ECM digestion.

4. Discussion

Despite contradictory data regarding the safety of lipotransfer, the application of
lipotransfer after BCT in breast cancer patients is an already widespread procedure for
reconstructing volume deficits of the diseased breast. Concerns particularly arise with
regard to the regeneration of tissue at an anatomic region where cancer has been treated.
The question whether lipotransfer induces or accelerates the development of a subclinical
tumor, locoregional disease recurrence, or tumor dissemination has not yet been clarified.
Further experimental and standardized clinical studies are urgently needed to answer this
question from different perspectives and to draw reliable conclusions. As irradiation of
the residual breast tissue is an integral part after BCT in most of the cases, the effect of
irradiation should not be neglected. Further, the tumor microenvironment was described
as an essential part of malignant transformation. Thus, investigations on the influence of
lipotransfer should include the tumor microenvironment. In this study, we analyzed the
effects of lipotransfer on irradiated and non-irradiated MCF-10 cells in monoculture or in
co-culture with fibroblasts as the main cellular component of the tumor microenvironment.
Moreover, alterations in gene expression in fibroblasts were examined.

In the present study we observed a strong stimulatory effect of ADSC CM on the
transmigration of mammary epithelial cells. Further, the invasion of MCF-10A cells was
stimulated by ADSC CM, though to a lesser extent compared to transmigration capability.
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Additionally, the mesenchymal cell markers FN1, CDH2, and VIM were upregulated in
irradiated MCF-10A cells after treatment with ADSC CM compared to control CM. FN1
participates in cell growth, migration, and wound healing under homeostatic conditions.
In mammary epithelium, the targeted deletion of FN leads to the growth restriction of
branching ducts and deficient alveologenesis [38]. However, it has also been found to be
increased in several types of cancers and to play a central role in tumorigenesis [39]. CDH2
was correlated with upregulated motility and invasion in human breast epithelial and breast
carcinoma cell lines [40,41]. Similarly, the enhanced expression of VIM was associated with
the increased migration and invasion of cancer cells [42]. Moreover, the upregulation of FN1,
CDH2, and VIM is commonly associated with the epithelial–mesenchymal transition (EMT)
in breast cancer and also in mammary epithelial cells [43]. The gain of mesenchymal cell
markers and the increased migratory and invasive capabilities of MCF-10A cells observed
in the present study represent features of EMT [44]. MCF-10A represents a breast cell
line with intrinsic plasticity sharing stem-cell-like characteristics and was shown to be
able to undergo EMT or EMT-like phenotypic changes [45]. EMT is evident for epithelial
plasticity during embryogenesis, tissue homeostasis, and tissue repair or wound healing,
respectively [46]. On the other hand, previous data suggested the involvement of EMT in
early or later phases of breast cancer development [47]. It is still equivocal whether EMT in
mammary epithelial cells leads to the production of stems cells [46].

We further observed an increase in the expression of cytokines in MCF10A cells after
treatment with ADSC CM. Thereby, the ADSC CM treatment of MCF-10A cells in co-culture
with fibroblasts lead to an enhanced expression of TNF-α in MCF-10A cells. Previous studies
reported a potential cytotoxic and anti-tumor effect, as well as an important role in breast
cancer progression and the local recurrence of TNF-α [48,49]. Thereby, TNF-α was suggested
to be able to induce EMT in healthy breast epithelial cells like MCF-10A cells and malignant
breast cells [50,51]. Further, treatment with ADSC CM led to a higher expression of FGF2
in irradiated MCF-10A cells. FGF2 plays an important role in fibroblast ECM synthesis
and remodeling. In organotypic 3D co-cultures, FGF2 signaling was shown to increase the
fibroblast-induced branching of mammary epithelium [52]. Reduced activity in FGF signaling
under physiological conditions inhibits epithelial branching. However, the upregulation
of FGF was shown to disrupt cell polarity and to induce cell proliferation, migration, and
invasion capability, resembling molecular processes during breast cancer development [53].
Thus, the enhanced expression of cytokines might promote tumor development in healthy
breast tissue. Moreover, an upregulation of cytokines in mammary epithelial cells by ADSC in
the course of breast reconstruction might be relevant in case of residual adjacent malignant
cells persisting after BCT that might be activated by those cytokines.

Treatment with ADSC CM had only a minor effect on the expression of IL-1β of
MCF-10A cells. However, the co-cultivation of mammary epithelial cells with fibroblasts
treated with ADSC CM revealed a higher expression of IL-1β compared to cells cultivated
in monocultures. Previous findings demonstrated a correlation of upregulated IL-1β with
neoplasm initiation and development. Thereby, an overexpression of IL-1β was found in
both epithelial cells and in fibroblasts [54]. In the present study, we also found an upregula-
tion of IL-1β in mammary epithelial cells and in fibroblasts in co-cultures compared to their
monocultures, whereby the effect was more pronounced in fibroblasts, especially after 5 Gy
irradiation. These findings suggest an interplay of mammary epithelial cells and fibroblasts
that stimulates IL-1β expression mainly in fibroblasts under “physiological” conditions
without ADSC and without irradiation as well as after 2 and 5 Gy-irradiation. However, the
stimulatory effect on IL-1β expression of fibroblasts was enhanced by irradiation, indicating
the involvement of radiation-induced pathways. Moreover, whereas treatment with ADSC
CM and co-cultivation with fibroblasts had only a slight effect on the expression of TGF-β
in MCF-10A cells, the irradiation of co-cultivated fibroblasts showed an upregulation of
TGF-β in those cells. TGF-β was shown to induce a more aggressive cancer phenotype in
breast cancer cells. Additionally, it is considered a potent EMT-promoting cytokine and
was suggested to stimulate the neoplastic progression of transformed epithelial cells [55].

26



J. Pers. Med. 2022, 12, 1284

However, it was recently reported that TGF-β alone scarcely induces EMT [56]. Interest-
ingly, a previous study could show that radiation-induced signaling pathways provoke
heritable phenotypes that might be involved in carcinogenesis and that a single exposure
to irradiation can sensitize mammary epithelial cells to undergo TGF-β-mediated EMT [57].
These findings support the relevance of irradiation in the pathophysiology of breast can-
cer development and progression. A further observation induced by irradiation in the
present study is the enhanced invasion capability of MCF-10A. Whereas transmigration
rates were inhibited after irradiation, MCF-10A cells showed increased invasion rates after
irradiation with 5 Gy. No significant stimulation was observed after 2 Gy irradiation, which
is in concordance with previous findings [58], indicating that higher irradiation doses
are necessary to evoke this effect. As already expected and reported in earlier studies,
irradiation decreased the survival rates of MCF-10A cells [58]. Although a regenerative
effect is ascribed to ADSC, the ADSC CM decreased the surviving fraction of MCF-10A
cells after irradiation with 5 Gy.

The ECM has been attributed not only a role in normal breast development and
differentiation but has also been attributed an evident function in breast cancer tumori-
genesis due to imbalances in the ECM remodeling processes [59]. MMPs are involved
in the reorganization of the tumor stroma and are supposed to have a decisive role in
breast cancer invasion and metastasis [60]. Thereby, MMP2 and MMP9 can stimulate cell
proliferation and angiogenesis and have been attributed a role in early-stage tumorigenesis
and cancer progression [61,62]. COL1A1, as a further essential component of the ECM,
was also correlated with breast cancer progression and metastasis [63]. In breast cancer
stroma, COL1A1 was identified as one of the most promising genes for tumor detection and
treatment [64]. In the present study, treatment with ADSC CM enhanced the expression
of MMP2 and COL1A1 in irradiated MCF-10A cells. Moreover, in fibroblasts, treatment
with ADSC CM promoted the mRNA levels of COL1A1 in irradiated cells, and irradiation
enhanced the mRNA levels of MMP2. Interestingly, we could not observe any effect on
MMP2 or COL1A1 in non-irradiated groups, suggesting an essential role of irradiation in
inducing those upregulations of ECM markers. An upregulation of collagen genes might
also contribute to a radiation-associated secondary breast cancer [65].

We also want to discuss several limitations of this study. Firstly, breast tissue con-
sists of many additional components with a heterogeneous cell population, including
i.a. endothelial cells, adipocytes, or immune-competent cells that were not addressed in
this study. Therefore, the study is only of limited significance and only partially trans-
ferable into clinical practice. Nevertheless, the inclusion of further cell types would lead
to more complex data in which the detected effects would be more difficult to assign to
the respective subgroup. Additionally, the interval between irradiation and lipotransfer
is much longer in patients so that the effect of irradiation in vitro might not depict the
clinical reality. Another limitation is that direct cell–cell interactions between ADSC, mam-
mary epithelial cells and fibroblasts were not taken into account. However, the data of
the present study indicate that the use of lipotransfer should still be evaluated critically.
Our data suggest EMT-like changes in the epithelial mammary breast cell line that might
contribute to improved tissue regeneration. On the other hand, those changes might also
induce the neoplastic transformation of the breast. Further, residual adjacent malignant
cells persisting after BCT might be activated by ADSC. Thus, the benefits of lipotransfer
after BCT should be critically weighed against its possible risks for the affected patients.
Subgroup analyses in the past showed that some conditions are associated with higher
recurrence rates after lipotransfer [66]. Thereby, e.g., breast cancer subtype, high-grade
histology, age, Ki-67 expression, and the number of positive axillary nodes seem to play an
important role [67,68]. Therefore, it is of special importance to identify high-risk patients
and to discuss lipotransfer in a personalized approach for each patient.

More standardized and prospective clinical studies that include a considerable number
of patients who underwent BCT are needed to further elucidate that issue on the clinical
side. Moreover, there is a need of further in vitro and in vivo studies to provide a better
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understanding of the underlying cellular mechanisms. Thereby, translating experimental
studies to clinical reality is difficult. Future experimental studies should include the
surrounding microenvironment, e.g., within the context of 3D experiments. In addition, the
effect of lipotransfer on the remaining breast cancer cells, including different breast cancer
subtypes, surrounded by cancer-associated fibroblasts should be examined more closely.

5. Conclusions

Treatment with ADSC CM promoted the transmigration and invasion of MCF-10A
cells and stimulated the expression of mesenchymal markers, suggesting EMT-like changes
in mammary epithelial cells. Further, ADSC CM, in combination with irradiation, revealed
increased mRNA levels of ECM markers in mammary epithelial cells and fibroblasts. We
further observed the enhanced expression of tumor-promoting cytokines, which might
play an important role in the presence of microscopic residual tumor foci after BCT. The
data of the present study suggest a careful consideration of the need for lipotransfer after
BCT of the individual patient.
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Abstract: Wound closure is a key element of any procedure, especially aesthetic and reconstructive
plastic surgery. Therefore, over the last decades, several devices have been developed in order to
assist surgeons in achieving better results while saving valuable time. In this work, we give a concise
review of the literature and present a biomechanical study of different suturing materials under
mechanical load mimicking handling in the operating theatre. Nine different suture products, all
of the same USP size (4-0), were subjected to a standardized crushing load by means of a needle
holder. All materials were subjected to 0, 1, 3 and 5 crushing load cycles, respectively. The linear
tensile strength was measured by means of a universal testing device. Attenuation of tensile strength
was evaluated between materials and between crush cycles. In the pooled analysis, the linear
tensile strength of the suture materials deteriorated significantly with every cycle (p < 0.0001). The
suture materials displayed different initial tensile strengths (in descending order: polyglecaprone,
polyglactin, polydioxanone, polyamid, polypropylene). In comparison, materials performed variably
in terms of resistance to crush loading. The findings were statistically significant. The reconstructive
surgeon has to be flexible and tailor wound closure techniques and materials to the individual patient,
procedure and tissue demands; therefore, profound knowledge of the physical properties of the
suture strands used is of paramount importance. The crushing load on suture materials during
surgery can be detrimental for initial and long-term wound repair strength. As well as the standard
wound closure methods (sutures, staples and adhesive strips), there are promising novel devices.

Keywords: suture materials; crush load; mechanical properties; wound closure

1. Introduction

Most surgical fields are defined by an anatomical system. Visceral surgery, for instance,
is the surgery of the bowel and neurosurgery is deployed in the central or peripheral
nervous system. However, in the epicenter of aesthetic and reconstructive surgery lies a
concept, rather than an anatomical system. It is all about reconstitution of tissue defects
and functional deficits. In this task, the reconstructive surgeon is challenged by the fact
that many tissue elements and suture materials have to be used in many different ways.
Profound knowledge of these materials and their biomechanical properties is invaluable.
There are numerous reports on surgical suturing techniques and patterns, as well as on
different suture materials. Although each suture material must undergo excessive testing
procedures before it is officially approved as a medical device, there are few data concerning
changes in the strength and behavior of sutures during surgical handling and mechanical
suture trauma. In open surgery, it is standard that only the end of the suture—that will be
discarded—should be mechanically grasped to avoid weakening of the suture. However,
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when repeated instrument handling is necessary, such as in laparoscopic or robotic surgery,
mostly resorbable sutures may well lead to a breakdown of the material, which, according
to Bariol et al. [1], has not been well investigated so far [2]. It is obvious that repeated
instrument handling of sutures with a needle holder might damage the surface or texture
of any suture. Additional care should be taken.

Abhari et al. performed an excellent overview of the current developments in suture
materials, postulating that there are still limitations in their use [3]. Until recently, there
has been low academic interest in the evolution of suturing devices. Advancements were
mainly industry-driven, promoting low cost and strict compliance to the regulatory setting.
Polymer optimizations and antimicrobial coating were the main advances. However, suture
failure is still a problem, with challenges such as knot slippage, cheese wiring, tearing of the
suture through tissue when under tension remaining unsolved. Maybe the suture–tissue
interface presents the single weakest link in soft tissue repair. In the near future, bioactive
products will probably shift the role of suture materials from mechanical and biologically
inert threads to healing-promoting devices [3].

In this work, we give a concise review of the literature and present a biomechanical
study of different suturing materials under mechanical load mimicking during surgery.

2. Materials and Methods
2.1. Suture Materials

For this study, nine products were compared to each other in respect to their linear
tensile strength after a standardized crushing load by a needle holder. For the sake of
comparability, only threads of the size 4-0 USP (United States Pharmakopeia (UPS)) were
used. A summary of the different materials used is provided in Table 1. The effect of
crushing load is displayed in Figure 1. Similar study designs for comparison of suture
materials have been used in the past [4].
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Table 1. A list of the used suture threads. All threads were 4-0 USP.

Product Manufacturer Material Type Absorbable Coating

Vicryl® Plus Ethicon Polyglactine 910 Braided + +
Vicryl® Ethicon Polyglactine 910 Braided + −
Monocryl® Plus Ethicon Polyglecaprone 25 Braided + +
PDS® Plus Ethicon Polydioxanone Monofil. + +
PDS® II Ethicon Polydioxanone Monofil. + −
Prolene® Ethicon Polypropylene Monofil. − −
Surgipro® Covidien Polypropylene-Polyethylene Monofil. − −
Seratan® Serag-Wiessner Polyamide Monofil. − +
Resolon® Resorba Polyamide Monofil. − −

Coating for Vicryl plus, Monocryl plus and PDS plus is a broad spectrum antibiotic (Triclosan), coating for Seratan
is Titanium. Monofil. = monofilamentous. + = with, − = without.

2.2. Group Allocation

Nine different suture products were used for this line of experiments. Forty threads
from every product were used for the study. In groups of 10, they were subjected to 0, 1, 3
or 5 cycles of crush loading by means of a standard needle holder (4U Medikal, Ankara,
Turkey). Every one of these threads was measured and described in an experimental array
later. There were 360 measurements altogether.

2.3. Experimental Array

A standard needle holder (4U Medikal, Ankara, Turkey) was used for all experiments.
With this instrument, a crushing load was applied on the threads. The threads were crushed
0, 1, 3 or 5 times prior to measurement of the linear tensile strength. The clamp mechanism
of the needle holder was used for locking the jaws on the thread. The force needed to lock
the jaws of the needle holder was determined in a separate experiment, as follows.

To perform this particular measurement, the needle holder was mounted on a com-
pression dynamometer (ZwickRoell GmbH & Co. KG, Ulm, Germany) (Figure 1). The force
required to lock the instrument by compressing the clamping mechanism to its maximum
(3 notches) with a 0.2 mm spacer between the jaws was found to be approximately 35 N. A
thread diameter of 0.15–0.2 corresponds to USP 4-0 (Figure 2).
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Subsequently, for the measurements of the tensile strength of the threads, a Zwick
Z050 universal dynamometer (ZwickRoell GmbH & Co. KG, Ulm, Germany) was used.
For the measurement, a 100 N measuring component was mounted with a velocity setting
of 300 mm/min. This method has been validated before [5,6]. The force required to evoke
tear of the material was recorded. For evaluation of the results, the testXpert software
(ZwickRoell GmbH & Co. KG, Ulm, Germany) was used (Figure 3).
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Figure 3. Experimental array for determination of the linear tensile strength of the suture materials.

2.4. Statistical Analysis

Two-way ANOVA was used for comparison between the groups using the Bonferroni
correction for multiple comparisons. Parameters are generally displayed as mean values
with standard deviation (±) and range.

3. Results

The pooled mean tensile strength in the group with zero crush load was 19.21 N
(±6.371, 11.66–30.72). It deteriorated to 12.70 (±5.13, 7.62–21.33) after one crush, to 9.75
(±4.63, 4.48–18.24) after three crushes and down to 7.36 (±3.45, 3.49–15.18) after five crush
cycles. All comparisons were highly significant (p < 0.0001). These results are demonstrated
in Table 2 and Figure 4.

Table 2. Crush cycles, pooled data over all suture materials. All comparisons displayed high
statistical significance.

Crushing Load (Cycles) Mean Tensile Strength (N) Tensile Strength Remaining (%)

0 19.21 (±6.371, 11.66–30.72) 100.0
1 12.70 (±5.13, 7.62–21.33) 66.1
3 9.75 (±4.63, 4.48–18.24) 50.0
5 7.36 (±3.45, 3.49–15.18) 38.3
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Figure 4. Deterioration of tensile strength of the suture materials with increasing cycles of crush load.
All comparisons between the groups were highly significant (p < 0.0001).

After one crush cycle, all the products displayed a significant deterioration in tensile
strength, except Vicryl® (p = 0.077) and Surgipro® (p = 0.496). In the comparison between
zero and three crush cycles, all the products showed a significant deterioration in tensile
strength. The detailed results listed by product description are displayed in Table 3 and
Figure 5.
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Table 3. Tensile strength deterioration detailed for all suture products.

Product 0 Crushing Load 1× Crushing Load 3× Crushing Load 5× Crushing Load

Mean (SD) Mean (SD) Mean (SD) Mean (SD)

Resolon 15.87 (1.13) 8.78 (3.03) 6.50 (1.55) 4.86 (1.63)
Monocryl Plus 30.72 (1.82) 16.24 (3.37) 11.06 (3.60) 9.19 (3.43)
Vicryl Plus 24.52 (1.69) 19.91 (4.66) 18.24 (2.88) 8.55 (4.15)
Prolene 12.30 (0.35) 8.80 (2.09) 7.60 (1.59) 6.10 (2.43)
Surgipro 11.66 (0.44) 9.65 (1.14) 6.28 (2.67) 5.33 (2.12)
Seratan 14.62 (0.59) 7.62 (2.56) 4.48 (1.35) 3.49 (1.23)
PDSII 20.43 (1.16) 10.85 (3.49) 8.86 (2.51) 5.87 (3.37)
PDS Plus 18.53 (0.72) 11.08 (2.25) 8.64 (2.61) 7.74 (2.49)
Vicryl 24.22 (0.78) 21.33 (3.85) 16.17 (3.33) 15.18 (4.75)

When analyzed by material, all the comparisons after one or three crush cycles were
significant. The corresponding results are summarized in Table 4 (descriptive), Table 5
(inferential statistics) and Figures 6 and 7.

Table 4. Tensile strength deterioration detailed for all suture materials.

Material 0 Crushing Load 1× Crushing Load 3× Crushing Load 5× Crushing Load

Mean (SD)
Remaining

Linear
Strength

Mean (SD)
Remaining

Linear
Strength

Mean (SD)
Remaining

Linear
Strength

Mean (SD)
Remaining

Linear
Strength

Polyamid 15.25 (1.09) 100% 8.20 (2.80) 53.79% 5.49 (1.75) 36.01% 5.10 (1.85) 33.42%
Polydioxanone 19.48 (1.35) 100% 10.97 (2.86) 56.29% 8.75 (2.49) 44.92% 6.81 (3.04) 34.93%

Polyglactine 24.37 (1.29) 100% 20.62 (4.22) 84.61% 17.21 (3.21) 70.60% 11.87 (5.51) 48.69%
Polyglecaprone 30.72 (1.82) 100% 16.24 (3.37) 52.86% 11.06 (3.60) 36.00% 9.19 (3.43) 29.92%
Polypropylene 11.98 (0.51) 100% 9.23 (1.70) 77.00% 6.94 (2.24) 57.93% 5.72 (2.25) 47.70%

Table 5. Analysis of the effect of 0 to 5 crush loading cycles on the linear tensile strength of different
suture materials (two-way ANOVA with Bonferroni correction for multiple comparisons.

Material 0× vs. 1× Crushing
Load

1× vs. 3× Crushing
Load

3× vs. 5× Crushing
Load

Level of Significance Level of Significance Level of Significance

Polyamid p < 0.0001 (**) p = 0.0110 (*) p > 0.9999 (ns)
Polydioxanone p < 0.0001 (**) p = 0.0639 (ns) p = 0.1486 (ns)

Polyglactine p = 0.0001 (**) p = 0.0005 (**) p < 0.0001 (**)
Polyglecaprone p < 0,0001 (**) p = 0.0002 (**) p = 0.7571 (ns)
Polypropylene p = 0.0092 (**) p = 0.0507 (ns) p = 0.9387 (ns)

** = highly significant, * = significant, ns = non significant.
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4. Discussion

Sutures are the mainstay of any surgical procedure, either as an interrupted or con-
tinuously applied closure method. Generally, the physical properties of sutures, such as
the suture diameter, tensile strength, elongation, surface roughness, coefficient of friction,
bending stiffness and tissue drag, and the knot characteristics are well characterized and
have been studied extensively [1]. Such tests are, in fact, an integral part of the regulatory
procedures before a suture is officially approved as a medical device [7]. However, only a
few studies investigated the mechanical damage to sutures by repeated instrument han-
dling during surgery [8]. According to Naleway et al., most published reports on the tensile
behavior of various sutures only focus on breaking force, and detailed reports comparing
other important tensile properties, such as failure elongation, failure stress, failure strain,
modulus, and full stress–strain curves across suture materials, are quite limited [9]. Most re-
searchers agree that simple knotting alone influences materials that may differ significantly
in their tensile strengths and elastic/plastic deformation characteristics, but can still display
comparable elongations at failure [6]. Von Fraunhofer et al. [10] described that all sutures in
their study showed decreased tensile strength and elongation at failure when knotted. Most
of their investigated materials showed increased tensile strength and decreased elongation
at failure for smaller suture gauges (thicker strands), and this behavior is thought to be
related to their internal molecular organization [11].

Clamp fixation for preventing the unfolding of a suture knot has been described
to weaken the tensile strength of polypropylene sutures by Türker et al. [12]. Studies
on the grip forces regarding hand and finger movements or force control reflected by
individual grip force data may help to gain further data on dominant and nondominant
hand influences, but do not apply in this context as the needle holder used here offered
a distinct and reliable predetermined force when operated [13]. In laparoscopic and
robotic surgery, it has been noted that the lack of haptic feedback has become a growing
issue due to the application of excessive force that may lead to clinical problems, such as
intraoperative and postoperative suture breakage [11]. Latest sensing technology and haptic
feedback systems that can reduce instances of suture failure without negatively impacting
performance outcomes, including knot quality, are, therefore, under investigation [11,14,15].

In these studies [11,14], it was also pointed out that the loop created in any suture is
most prone to failure due to suture elongation, knot slip and suture breakage. It was found
that monofilament sutures offered higher bending stiffness, but also a higher tendency
to untie, compared to monofilament sutures. Interestingly, the ultimate failure load of
monofilament nonabsorbable polypropylene sutures (Prolene) was significantly reduced
when compared to the ultimate failure load achieved by other monofilament sutures,
such as polyglyconate and nylon, as well as braided absorbable polyglactin, which were
not affected by correcting the first throw of the loop, in their experimental array [12].
Mechanical grip of sutures with a clamp or needle holder is often applied when sutures
have to be tied under tension to temporarily secure a knot after the first throw, to minimize
unwanted gap formation until further throws are performed and fix the whole knots.
Bisson et al. found that ForceFiber suture loops tied with serrated clamps were reduced by
approximately 21% compared to those tied with no clamp (227 N vs. 289 N, p = 0.003), and
approximately 18% compared to those tied with a smooth clamp [16].

In open surgery, it is a rule that only the end of the suture—that will be discarded
—should be mechanically grasped to avoid weakening of the suture. However, since
laparoscopic and robotic surgery has become a frequent and standard approach for many
indications, the problem of suture trauma by instrument handling becomes an important
issue. It has been shown that sutures in robot-assisted vascular surgery showed a significant
loss of strength. Surgeons have, therefore, begun to search for materials that are most
resistant against robotic mechanical handling. The properties of different sutures have been
investigated to find out which materials are least susceptible to robotic manipulations and,
therefore, could best be considered as materials of first choice [17].
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Laparoscopic surgery necessitates the mechanical manipulation of sutures due to
the limited access to the operative field. According to Bariol et al., absorbable sutures
are especially bound to suffer material break-down upon repeated instrument handling.
This effect has not been well investigated so far [1]. In continuous sutures, a broken
suture can result in loss of achieved tissue approximation and lead to significant clinical
problems. It is obvious that repeated instrument handling of sutures with a needle holder
might alter the surface or texture of any suture. Until now—apart from anecdotal and
rare experimental reports—it remained unclear how precisely sutures are damaged by
doing so and how many grips it takes to ruin a suture. The recommendation of Bisson and
coworkers, which was that temporarily clamping a knot to keep it from slipping during the
tying process when securing sutures can be performed without any concern for weakening
the suture or without imposing the danger of suture trauma [16], cannot be confirmed by
our findings. Our experimental set up mimicked the clinical situation in a standardized
way and clearly revealed the increasing damage to the various sutures with the increasing
number of clamping procedures. Here, we could show, for the first time, exactly how
repeated clamping with a needle holder alters the surface and texture of various suture
materials and reduces their breaking strength.

Other studies that intended to define the breaking strength by repeated elongation
of sutures are not directly comparable to our experiments. Dobrin and Mrkvicka found
that chronic loading of polypropylene sutures increased their “acute” breaking force. They
suggested that this may have resulted from increased orientation of crystals in the core of
the filaments [8,18]. Dobrin et al. briefly applied stress to suture materials by disturbing
the outer surface of the filament by placing a stray knot or pinching with forceps, which
both resulted in a decreased “acute” breaking strength [19].

In this study, we did not tackle the challenges posed by the use of different suture–
needle configurations and handling of the needle itself. Here, surgical skills are of paramount
importance for adequate tissue repair [20]. One should be aware of the different indications
of tapered, round, cutting and reversed cutting needle designs. Apart from that, some of
the alloys (S45500) [21] used to manufacture the needles contain a substantial proportion of
nickel, rendering them unsuitable for patients with a nickel allergy. Finally, grasping the
needle at the “eye” weakens the link to the suture material.

As expected, our experiment confirmed that a single crush with the needle holder can
significantly reduce the tensile strength of a suture strand by approximately 30%. However,
when investigated separately, not all the products displayed the same effect. In particular,
Vicryl® (polyglactine) and Surgipro® (polypropylene) suffered non-significant material
damage in terms of linear strength. In fact, braided polyglactine (Vicryl®) showed resistance
to crush load and lost the least linear tensile strength upon deformation. Polypropylene
possessed the least initial linear tensile strength, but strength deterioration was relatively
low. When the strands were investigated by material (and not as a separate product), a
single cycle of crush load in all cases produced significant attenuation of linear tensile
strength. There was no marked or significant difference between resorbable and non-
resorbable materials, although the study design was inappropriate for this question.

Other newer technologies, such as staples, various skin adhesives, zipper-like devices,
and polyester meshes, have gained popularity in the operating theatre [22]. Although
adverse reactions to the adhesives [23] or to nickel alloys in metallic staplers have been
reported, these new devices definitely have a place in orthopedic [24] and cardiovascular
surgery [25], but are yet to acquire wide acceptance in plastic surgery. This might change
with the development of novel degradable polyurethane-based tissue sealants [26]. Nu-
merous reports on wound closure after knee surgery showed that zipper-like devices can
produce equal or better results than staples [27]. Finally, the use in ointments and gels
loaded with biomodulatory molecules [28] is yet to be fully evaluated, but seems to be an
option in burns and diabetic foot ulcers. Products containing basic and acidic fibroblastic
growth factor (bFGF and aFGF), granulocyte macrophage colony-stimulating growth factor
(GM-CSF), platelet-derived growth factor (PDGF) as well as epidermal growth factor (EGF)
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are available. However, some concerns arose following reports of malignancies emerging
in combination with the use of recombinant PDGF gels (becaplermin-Regranex®) [29,30].

5. Conclusions

Repeated instrumental handling of various suture materials inevitably leads to me-
chanical damage of sutures and premature break down, even with perfectly knotted sutures.
Especially in continuous sutures, this can have severe clinical consequences. Our data
clearly reveal the deleterious effect on sutures when they are repeatedly grasped with an
instrument during knotting. It, therefore, seems advisable to take meticulous care without
unnecessary grasping of the material. Reconstructive surgeons have to be flexible and
tailor their wound closure techniques and materials to individual patients, as well as to the
procedure and tissue demands; therefore, profound knowledge of the physical properties
of the suture materials used is of paramount importance.
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Abstract: Background: Impaired perfusion of the remaining skin flap after subcutaneous mastectomy
can cause wound-healing disorders and consecutive necrosis. Personalized intraoperative imaging,
possibly performed via the FLIR ONE thermal-imaging device, may assist in flap assessment and
detect areas at risk for postoperative complications. Methods: Fifteen female patients undergoing
elective subcutaneous mastectomy and immediate breast reconstruction with implants were enrolled.
Pre-, intra- and postoperative thermal imaging was performed via FLIR ONE. Potential patient-,
surgery- and environment-related risk factors were acquired and correlated with the occurrence of
postoperative complications. Results: Wound-healing disorders and mastectomy-skin-flap necrosis
occurred in 26.7%, whereby areas expressing intraoperative temperatures less than 26 ◦C were
mainly affected. These complications were associated with a statistically significantly higher BMI,
longer surgery duration, lower body and room temperature and a trend towards larger implant
sizes. Conclusion: Impaired skin-flap perfusion may be multifactorially conditioned. Preoperative
screening for risk factors and intraoperative skin-perfusion assessment via FLIR ONE thermal-
imaging device is recommendable to reduce postoperative complications. Intraoperative detectable
areas with a temperature of lower than 26 ◦C are highly likely to develop mastectomy-skin-flap
necrosis and early detection allows individual treatment concept adaption, ultimately improving the
patient’s outcome.

Keywords: personalized medicine; thermal imaging; reconstructive breast surgery; mastectomy-skin-
flap perfusion; mastectomy-skin-flap necrosis

1. Introduction

Breast cancer (BC) ranks top in malignancies among females worldwide and represents
the most common reason for death by cancer as well [1]. About two-thirds of patients with
BC undergo breast-conserving surgery [2,3]. Thirty to forty per cent require a mastectomy
and about 25% of these patients decide to undergo an immediate breast reconstruction
(IBR) [2,3]. Besides autologous tissue reconstruction, IBR with implants is a commonly
used technique and considered safe from an oncological point of view [2]. Larger varieties
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of sizes and shapes of implants and the use of different meshes creating a more natural
appearing lower pole, may have contributed to an increased use of implants [4,5].

Due to the combination of oncoplastic and plastic surgical techniques, aesthetically
pleasing reconstructive results can be achieved without compromising the oncological
safety [6]. A modified radical mastectomy was replaced, e.g., by nipple-sparing mastectomy
(NSM) and/or skin-sparing mastectomy (SSM), offering good aesthetic results [4].

Besides hematoma and infection listed as the most common early complications in IBR
with implants, wound-healing disorders (WHD) and mastectomy-skin-flap necrosis (MSFN)
occur more commonly than appreciated, with reports ranging from 5% to 41.2% [7–11].
The main reason for WHD and especially for skin-flap necrosis is attributed to an impaired
perfusion of the remaining skin flap after mastectomy [11]. Subsequently, numerous
challenging sequelae including wound-management problems, follow-up interventions,
implant loss, delays to adjuvant therapy, aesthetic compromise and patient dissatisfaction
can occur [11].

Several studies have investigated patient-related (e.g., smoking, diabetes, obesity etc.)
and surgery-related risk factors (e.g., incision type, mastectomy weight, thickness of the
skin flap, etc.) for WHD and MSFN to date [11,12]. Apart from screening and monitoring
possible risk factors, intraoperative assessment of the individual skin-flap perfusion is con-
sidered of the utmost importance to detect areas at risk of WHD and MSFN [12]. A number
of assessment methods have evolved so far, including clinical evaluation, handheld Doppler
devices, laser Doppler, fluorescein angiography and indocyanine green techniques [12]. As
an indicator of tissue perfusion, skin (surface) temperature can also readily and accurately
be measured via thermal imaging [13,14]. The present study evaluated the feasibility of
assessing the individual mastectomy-skin-flap perfusion via the thermal-imaging device
FLIR ONE in patients undergoing NSM or SSM and following IBR with implants. Further-
more, possible patient-, surgery- and environment-related risk factors for postoperative
complications were determined and the overall complication rate was assessed.

2. Methods

This prospective analysis was conducted the Medical University of Graz, Austria,
Division of General Gynaecology, Department of Obstetrics and Gynaecology and Division
of Plastic, Aesthetic and Reconstructive Surgery, Department of Surgery in cooperation
with the Department of Surgery, LKH Graz II, Standort West, Graz, Austria between 2016
and 2018 and has been approved by the responsible ethics’ committee. The surgeries were
performed by two different surgeons (one female and one male) who were experienced in
this field for 28 and 31 years, respectively.

2.1. Study Population

Fifteen female (age range 18–80 years) healthy, non-pregnant study participants were
enrolled. Inclusion criteria were defined as follows: history of BC, carcinoma in situ on one
or both breasts and/or known genetic BRCA I or BRCA II mutation and planned NSM or
SSM, and following IBR with definite implants. Exclusion criteria were defined as follows:
BC diagnosis with the contraindication for NSM or SSM (e.g., inflammatory carcinoma),
use of tissue expanders; diabetes mellitus type 1 and 2, nicotine abuse, inability to fully
comprehend study procedures or to provide written informed consent. The reconstruc-
tion was performed in dual plane technique using anatomical silicone implants (Mentor
Deutschland GmbH, Munich, Germany), placed subpectorally. The acellular dermal matrix
Strattice™ (Allergan, Dublin, Ireland) was used for implant stabilization and affixed to the
musculus pectoralis major as well as in the inframammary fold. Postoperative follow-up
visits were uniformly scheduled at 1, 2 and 6 weeks postoperative.

Additional patient-related, (age, Body-Mass-Index (BMI), body temperature), surgery-
related (incision type and position, implant size, surgery duration) and environment-related
data (room temperature) were acquired.
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2.2. FLIR ONE

Surface temperature was acquired using measurements obtained with a FLIR ONE
thermal-imaging camera (FLIR Systems, Wilsonville, OR, USA). FLIR ONE is a lightweight,
pocket-sized, smartphone attachment thermal-imaging camera with a measurable tem-
perature range from −20 ◦C to 120 ◦C and a measurement accuracy of 0.10 ◦C [15]. A
Multi-Spectral Dynamic imaging technology allows for enhanced thermal imaging by
embossing details from the camera onto the thermal image [15].

Four timepoints for thermal imaging with FLIR ONE were determined:

- Preoperative: immediately after anesthesia induction before disinfection
- Intraoperative 1: immediately after NSM/SSM
- Intraoperative 2: immediately after implant placement and wound closure
- Postoperative: 24 h postoperative

The distance between the FLIR ONE and patients’ skin was set at 30 cm in every
measuring. At recording, surgical lights were turned off and body and room temperature
were assessed. Thermal images were transferred to FLIR Tools software, where highest,
lowest and average temperature of each image was determined within a specialized region
of interest (ROI). (See Figure 1) The ROI was manually plotted, matching the region, where
the NSM/SSM was performed.
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Figure 1. Intraoperative thermal imaging via FLIR ONE. The ROI (black circle) displays the subcuta-
neous mastectomy area, within the temperature was measured. Darker colors (purple, blue) indicate
lower surface temperature while brighter colors (orange, yellow) indicate higher temperature.

2.3. Statistical Analysis

Since this study was designed as an explorative study with a small sample size, a
formal sample size calculation was waived. The rationale for conducting a study with
females exclusively was based on the fact that NSM/SSM with IBR with implants is
primarily used in female BC patients. Data were analyzed with GraphPad Prism software
(version 9.0.2; GraphPad Software, Inc., San Diego, CA, USA). Mean, median and standard
deviation (SD) of numerous data were calculated and correlated to the occurrence of
postoperative complications (WHD, MSFN) performing a Spearman correlation test. All
statistical tests were two-tailed and differences were considered statistically significant
when p < 0.05.
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3. Results

Overall, 15 patients with a mean age of 44.1 years (SD ± 9.2 years) and a mean
BMI of 25.9 kg/m2 (SD ± 2.46 kg/m2) were included in this investigation. All patients
enrolled underwent neoadjuvant chemotherapy; no patient underwent radiotherapy prior
to surgery. Risk-reduction mastectomy was performed in one, NSM in six and SSM in seven
patients. In the patient undergoing risk-reduction mastectomy, skin-flap perfusion was
assessed exclusively on the left side, since a minimally prefilled tissue expander was used
on the right side. The mean surgery duration was 2 h 32 min (SD ± 108 min). 8 (53.33%)
periareolar and 7 (46.67%) inframammary incisions were performed.

3.1. Surface Temperature of the Mastectomy Skin Flap

The preoperative mean surface temperature was 36.3 ◦C (SD ± 3.6 ◦C). The first mean
intraoperative surface temperature after subcutaneous mastectomy (intraoperative 1, I1),
was 33.3 ◦C (SD ± 4.0 ◦C) decreasing to 32.0 ◦C (SD ± 2.7 ◦C) and at the second timepoint
after implant placement (intraoperative 2, I2). Twenty-four hours postoperative, the mean
surface temperature was 36.0 ◦C (SD ± 1.4 ◦C). The preoperative mean temperature was
statistically significantly higher than intraoperative 1 and intraoperative 2 (p = < 0.001).
Intraoperative measured mean temperatures were statistically significantly lower than
postoperative (I1: p = 0.024, I2: p = 0.017).

The highest mean preoperative temperature was 37.5 ◦C (SD ± 1.1 ◦C). intraopera-
tive measured mean highest temperature statistically significantly decreased to 35.5 ◦C
(SD ± 1.3 ◦C) at the first timepoint and 34.6 ◦C (SD ± 1.9 ◦C) at the second (p= 0.001 and
p = 0.048). Twenty-four hours postoperative, the mean highest temperature was 37.4 ◦C
(SD ± 1.2 ◦C), which was statistically significantly higher than both values measured
intraoperatively (p ≤ 0.001 and p = 0.002).

The lowest preoperative temperature was 35.5 ◦C (SD ± 3.0 ◦C). The intraoperative
measured lowest temperature statistically significantly decreased to 28.3 ◦C (SD ± 4.4 ◦C)
after subcutaneous mastectomy and to 27.7 ◦C (SD ± 4.6 ◦C) after implant placement
(p ≤ 0.001 and p = 0.036) in the same patients. 24 h postoperative, mean lowest temperature
was 33.7 ◦C (SD ± 3.0 ◦C), which was statistically significantly higher than both values
measured intraoperatively (p = 0.012). An overview of surface temperatures is depicted in
Table 1 and Figure 2.

Table 1. Surface temperatures at different measurement points. Data are presented as average values
[◦C] and standard deviations. An asterisk indicates statistical significance.

Highest T. [◦C] Lowest T. [◦C] Average T. [◦C]
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Table 1. Surface temperatures at different measurement points. Data are presented as average val-
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  Highest T. [°C] Lowest T. [°C] Average T. [°C] 

Preoperative 37.5 (± 1.1) 35.5 (± 3.0) 36.3 (± 3.6) 

Intraoperative 1 35.5 (± 1.3) 28.3 (± 4.4) 33.3 (± 4.0) 

Intraoperative 2 34.6 (± 1.9) 27.7 (± 4.6) 32.0 (± 2.7) 

Postoperative  37.4 (± 1.2) 33.7 (± 3.0) 36.0 (± 1.4) 

Abbreviations: Temperature (T.). 
Abbreviations: Temperature (T.).

3.2. Wound-Healing Disorders and Necrosis

Patients were divided into a “no-complication group” and a “complication group”
including WHD and MSFN for further comparisons. 4 of 15 patients (26.7%) developed
WHD, which were initially treated without surgical interaction but prolonged dressing
changes and administration of antibiotics. In the further course, 3 (20%) WHD converted
into superficial MSFN requiring follow up interventions under local anesthesia. No implant
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loss was noted. In all patients of the complication group, WHD and MSFN occurred within
areas with an intraoperative measured temperature lower than 26 ◦C.
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The main statistically significant difference between the no-complication and the
complication group was found regarding the surface temperatures of the mastectomy skin
flap. The complication group showed a statistically significantly lower mean temperature
in preoperative (p ≤ 0.001), intraoperative 1 (p = 0.029) and postoperative (p ≤ 0.001)
measurements. The mean lowest temperatures were statistically significantly lower during
the entire procedure (p ≤ 0.001) in the complication group, as well as the mean highest
temperatures pre- and postoperative (p = 0.021 and p ≤ 0.001). An overview of surface
temperatures within the no-complication and complication groups is depicted in Table 2.

Table 2. Surface temperatures in the no-complication and the complication groups. Data are presented
as average values and standard deviations. An asterisk indicates statistical significance (p < 0.05).

Highest T.
[◦C]

Lowest T.
[◦C]

Average T.
[◦C]
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Preoperative 37.8 (± 1.1)  36.8 (± 0.6) 35.8 (± 1.2) 33.1 (± 4.6) 37.0 (± 1.1)  34.3 (± 3.7) 
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3.2.1. Surgery-Related Risk Factors

WHD rate with periareolar incisions was 37.5% vs. 14.3% with inframammary inci-
sions. MSFN rate, requiring follow-up interventions under local anesthesia in all patients,
was 25% with periareolar incisions and 14.3% with inframammary incisions. No statistically
significant difference between incision type (p = 0.36) and NSM or SSM technique (p = 0.29)
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was observed. An overview of incision types and postoperative complications is depicted
in Figure 3.
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A comparison of both groups showed a statistically higher average surgery dura-
tion in the complication group (2 h 58 min) compared to the no-complication group (2 h
22 min) (p = 0.027). Furthermore, statistically significantly lower average room temper-
atures (21.2 ◦C (SD ± 0.2 ◦C), p ≤ 0.001) were observed in the complication group in
comparison to the no-complication group (23.0 ◦C (SD ± 1.2 ◦C)). In all patients, mas-
tectomy weight approximately correlated to the implant size. A trend towards larger
implants was noted in the complication group (370 cm3 (SD ± 43.3 cm3)) compared to the
no-complication group (320.5 cm3 (±42.5 cm3), p = 0.223).

3.2.2. Patient-Related Risk Factors

Statistically significantly lower mean body temperatures during the entire procedure
(35.6 ◦C (SD ± 0.4 ◦C), p = 0.012) were found in the complication group when compared to
the no-complication group (36.0 ◦C (SD ± 0.1 ◦C). Patients developing WHD and MSFN
also had a significantly higher BMI (28.1 kg/m2 (SD ± 0.6 kg/m2)) than patients without
complications (25.3 kg/m2 (SD ± 3.0 kg/m2), p = 0.002). No age-related significances were
found (p = 0.46). Demographic and clinical data of the complication and no-complication
groups are listed in Table 3.

Table 3. Patient-, surgery- and environmental-related factors. Data are presented as average values
and standard deviations. An asterisk indicates statistical significance between the groups.

No Complication Complication

Patients (n = 15) 11 (73.3%) 4 (26.7%)
Age [years] 47.6 (±10.6) 46.3 (±1.5)
BMI [kg/m2] 25.3 (±3.0) 28.1 (±0.6)
Body temperature [◦C] F 36.0 (±0.1) 35.6 (±0.4)
Surgery duration [min] F 142 (±0.43) 178 (±42)
Implant size [cm3] F 320.5 (±42.5) 370 (±43.3)
Room temperature [◦C] F 23.0 (±0.2) 21.2 (±1.2)

Abbreviations: Body mass index (BMI).

4. Discussion

Wound-healing disorders and mastectomy-skin-flap necrosis of the remaining skin
flap after mastectomy due to hypoperfusion are highly relevant and underappreciated
complications that may result in considerable challenges for the patient and health-care
system. Potential consequences range from aesthetic compromise and patient dissatisfac-
tion to limited options of reconstruction and delays in adjuvant therapies [10]. Existing
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evidence highlights the difficulty in assessing individual mastectomy-skin-flap perfusion
despite various techniques available to date [16].

4.1. Examination of Skin-Flap Perfusion via Thermal Imaging

The present study demonstrated thermal imaging via FLIR ONE to be a suitable
approach for the measurement of individual skin/surface temperature as a proxy indi-
cator of tissue perfusion. The FLIR ONE particularly excels in the domains of usability,
time to image acquisition, and reliably accurate results requiring minimal to no train-
ing, resulting in high-resolution images. In our opinion, these features contribute to
the fact that the FLIR ONE can be considered a valuable support tool in clinics in a
wider range of applications. Personalized thermal imaging may be of particular value
in establishing individual treatment concepts. To date, thermal imaging via FLIR ONE
has widely been clinically employed, for instance, in the individual assessment of burn
wounds [13,17–19], diagnosis of complex regional pain syndrome [20], detection of perfo-
rator vessels in reconstructive surgery [14,21,22] and many other settings where thermal
distribution patterns can yield proxy data. Within the field of breast oncology in particular,
thermal imaging has recently been investigated as an emerging modality in breast-cancer
screening [23,24] and has been considered a helpful tool in the treatment of breast-cancer-
related lymphedema [25]. Apart from the low initial costs and ease of use of the FLIR ONE
device, the non-invasive, no-touch character and absence of radiation are among the many
advantages of this technique [22,23].

4.2. Detection of Hypoperfused Areas at Risk for WHD and MSFN

The procedure of mastectomy interrupts the axial perfusion of the over-lying breast
dermis, leaving the relatively hypovascular skin flaps dependent on random-pattern per-
fusion and drainage through the subdermal plexus [26]. Studies report mastectomy flaps
with a higher amount of subcutaneous fat and, therefore, better preserved blood supply, to
be associated with a reduced risk of MSFN [26,27].

Evidence indicates a direct relationship between changes in tissue perfusion and tem-
perature, therefore suggesting non-invasive surface-temperature measurement a valuable
proxy marker for the analysis of (skin) perfusion [28]. In the present project, the temper-
ature profile assessed via thermal imaging demonstrated a statistically significant drop
during, and a rise after the procedure, nearly reaching initial values 24 h postoperative. The
temperature drop is mainly induced due to the procedure of mastectomy and keeps increas-
ing with increasing surgery duration, verifying the interruption the axial perfusion during
the procedure. The subsequent postoperative increase may be attributed to a compensatory
increase in random pattern perfusion and drainage through the subdermal plexus as well
as room temperature compared to the operating room.

A comparison between patients without complications and those developing WHD
and MSFN revealed significant differences in the surface temperature. We encountered sig-
nificantly lower average temperatures in three out of four measuring time points, (p ≤ 0.001,
0.029 and <0.001); and lower maximum temperatures prior to and following the proce-
dure (p ≤ 0.001) in the complication group. The lowest temperatures were statistically
significantly lower during the entire procedure, suggesting lower tissue perfusion.

The present study revealed that areas with intraoperative temperatures lower than
26 ◦C are highly likely to develop WHD and MSFN, since their occurrence was exclusively
noted within these areas. We derive that consideration of the proxy parameter of intraoper-
ative temperature distribution to assess for clinically relevant hypoperfusion may lead to
opportunities for early intervention in selected cases to avoid or reduce some of the possible
adverse consequences. Early intervention is particularly important in IBR with implants
and may comprise different strategies. The importance of the excision of non-viable skin
edges to prevent WHD has often been determined in acute and chronic wound manage-
ment [29]. According to our findings, excision of wound edges with a temperature of lower
than 26 ◦C may be considered even when clinical signs of hypoperfusion are absent. If
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larger areas manifest with impaired skin-flap perfusion as indicated on thermal imaging
with areas <26 ◦C, the risk of extended MSFN may be increased and the reconstruction
strategy should be reconsidered; however, to our knowledge, no studies addressing this
challenge exist to date.

4.3. Detection of Patient- and Surgery-Related Risk Factors for WHD and MSFN

In the present study, a significantly higher BMI and a trend towards larger implants
matching the mastectomy weight were identified to be associated with flap morbidity. The
majority of the existing literature investigating risk factors related to WHD and MSFN is
limited to retrospective series [12]. Smoking, diabetes, radiotherapy, previous scars and
severe medical comorbidity have been revealed as patient-related risk factors so far [12].
Similar to our results, there is also evidence that obesity and increased breast volumes may
cause or contribute to impaired skin-flap perfusion [30,31].

Preoperative screening for known risk factors and incorporation into operative plan-
ning, especially if immediate breast reconstruction is performed, is of utmost importance.
Unfortunately, the majority of patient-related risk factors are not modifiable prior to surgery;
therefore, surgical risk factors need to be minimized. Among surgical factors, longer surgery
duration is considered a risk factor for postoperative complications [12]. Our results not
only revealed a statistically significant correlation to surgery duration, but also to body and
room temperature. Measurements obtained during the procedure demonstrated statisti-
cally significantly lower values in both body and room temperature, in patients developing
WHD and MSFN. Therefore, intraoperative temperature monitoring and management,
if necessary, may be another approach to reduce postoperative complications, especially
when other risk factors are present. No differences were identified between inframammary
and periareolar incisions; however, other authors attribute flap morbidity to wise pattern
mastectomy incisions [31].

In our setting, patients developing MSFN only required one follow-up intervention
under local anesthesia and no implant loss was noted. However, extended MSFN resulting
from hypoperfused areas may consequently lead to a higher chance for subsequent implant
loss. Woerdeman et al. further reported an increased risk of implant loss in patients with
larger-than-average-sized breasts and obese smokers [30]. In these patients, placement
of breast implants may particularly need to be refrained from. As an alternative, tissue
expanders may be placed first in order to minimize pressure on the skin flap and prevent
subsequent implant loss.

A combination of careful preoperative planning and intraoperative monitoring may
contribute to a reduced incidence of WHD resulting in MSFN. Early intervention in selected
cases and deviation from the planned reconstructive procedure may reduce the overall
morbidity of MSFN.

4.4. Limitations

This study is limited due to the small sample size, hence results and patient-related
factors in particular may not be fully representative and transferable. Despite some signifi-
cances that were statistically demonstrated, the small sample size might be accountable
for the lack of further significances; however, we believe that tendencies were established
to guide further investigation. While the study setup was designed to reduce possible
bias caused by different surgeons, the thickness of the mastectomy skin flap linked to the
skin-flap perfusion may not be directly comparable in all patients.

Furthermore, previous breast surgeries were not evaluated. Consequently, a bias by indi-
vidual factors—such as scars potentially impairing the remaining skin flap perfusion—must
be considered as a limiting factor. However, evaluation of a possible influence of previous
medical interventions on skin-flap perfusion and postoperative complications may be an
interesting approach for future studies. Ultimately, there is a great demand for strategies
to detect risk factors contributing to WHD and MSFN. Further studies are necessary to
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reach the full potential of thermal imaging in the detection of areas at particular risk for
developing WHD and MSFN.

5. Conclusions

WHD and MSFN due to compromised perfusion patterns of the remaining skin flap
occur more commonly than appreciated, leading to numerous challenges. Hypoperfusion
of the remaining mastectomy skin flap as a major factor contributing to WHD and MSFN
is readily and accurately examined via the novel and personalized approach of thermal
imaging with the FLIR device. Skin areas with a temperature lower than 26 ◦C are highly
likely to develop subsequent WHD and MSFN and may require early intervention to avoid
or reduce the incidence of MSFN. Ultimately, careful and diligent individual preoperative
planning and intraoperative monitoring may contribute to a reduced incidence of WHD
converting to MSFN.
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Abstract: Background: Deep inferior epigastric perforator and muscle sparing transverse rectus ab-
dominis muscle flaps are commonly used flaps for autologous breast reconstruction. CT-angiography
allows to analyse the perforator course preoperatively. Our aim was to compare the different aspects
of perforator anatomy in the most detailed study. Methods: CT-angiographies of 300 female patients
with autologous breast reconstruction of 10 years were analysed regarding the anatomy of the deep
inferior epigastric artery and every perforator. Results: Overall, 2260 perforators were included. We
identified correlations regarding the DIEA branching point and number of perforators and their
intramuscular course. The largest perforator emerged more often from the medial branch of the DIEA
than the smaller perforators (70% (416/595) vs. 54% (878/1634), p < 0.001) and more often had a
direct connection to the SIEV (large 67% (401/595) vs. small 39% (634/1634), p < 0.01). Medial row
perforators were larger than the laterals (lateral 1.44 mm ± 0.43 (n = 941) vs. medial 1.58 mm ± 0.52
(n = 1304) (p < 0.001)). The larger and more medial the perforator, the more likely it was connected to
the SIEV: perforators with direct connection to the SIEV had a diameter of 1.65 mm ± 0.53 (n = 1050),
perforators with indirect connection had a diameter of 1.43 ± 0.43 (n = 1028), perforators without
connection had a diameter of 1.31 mm ± 0.37 (n = 169) (p < 0.001). Medial perforators were more
often directly connected to the SIEV than lateral perforators (medial 56% (723/1302) vs. lateral 35%
(327/941), p < 0.001). A lateral perforator more often had a short intramuscular course than medial
perforators (69% (554/800) vs. 45% (474/1055), p < 0.001), which was also more often observed in the
case of a small perforator and a caudal exit of the rectus sheath. Conclusion: The largest perforator
emerges more often from the medial branch of the DIEA and frequently has a direct connection to the
SIEV, making medial row perforators ideal for DIEP flap transplantation.

Keywords: CTA; autologous breast reconstruction; DIEP flap; MS-TRAM flap; perforator

1. Introduction

Breast cancer is the most common malignancy among women representing, depending
on the literature, approximately 25% of all carcinomas and one of the leading causes of
death [1–4]. If a mastectomy is necessary, breast reconstruction can be performed: implant-
based or autologous reconstruction can be performed, the latter one in particular when
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radiotherapy is part of oncological treatment [5]. Autologous breast reconstruction can be
performed using different pedicled or free flaps, which have been improved over the years
even up to robot-assisted surgery [6–8]. Abdominal-based autologous breast reconstruction
using the muscle-sparing transverse rectus abdominis myocutaneous (ms-TRAM), or the
deep inferior epigastric perforator flap, is still the method of choice [9–15].

The perforator vessels are pivotal for a sufficient blood supply of the ms-TRAM/DIEP
flap [16–18]. For raising such flaps, it is important to know the perforator’s course through
the rectus muscle, its characteristics, and any individual anatomy. The perforators originate
with different patterns from the deep inferior epigastric artery (DIEA). For the DIEA itself
several different branching patterns have also been described. Those aspects need to be
collected by the surgeon before surgery so that a safe operation without an intraoperative
time delay is possible [19].

Perforator mapping started in 1990 by using Doppler ultrasound [20] and later on by
using MRI [21]. The CT angiography (CTA) has been introduced for evaluating these perfo-
rator and DIEA parameters prior to surgery in 2006 by Masia [22] and Alonso-Burgos [23]
and was confirmed by others like Rozen in 2007 [24] and 2008 [19,25]. The CTA was
shown to be superior regarding preoperative ms-TRAM/DIEP flap planning than Doppler
ultrasound and MRI [16,19]. This led to better surviving rates of the flaps and a decreased
operating time and therefore established CTA as the gold standard [22,23,25–29]. Therefore,
preoperative decisions together with different kinds of intra- and postoperative monitoring
are pivotal for optimizing postoperative outcome [30].

As an approach to gain a more detailed picture about the anatomic conditions, in this
study, the data of 300 patients were collected and analysed especially regarding the number,
calibre, course, and anastomosis to the superficial inferior epigastric vein (SIEV) of every
single perforator and the branching pattern of the DIEAs. To the best of our knowledge,
this is the largest and most detailed study including all perforators detected in the CTAs.

2. Materials and Methods

This is a retrospective study including all patients who underwent a single or bilateral
autologous breast reconstruction using DIEP or ms-TRAM flaps between January 2010 and
October 2019 at the Department of Plastic and Hand Surgery. CTA scans of the abdomen
used for other flap planning were excluded. Since 2014, indocyanine green angiography
was used for perfusion analysis of DIEP and ms-TRAM flaps. In total, 300 female pa-
tients (600 hemiabdominal walls) were evaluated. The patients’ age ranged from 33 to
82 years (mean 63 ± 14 years). The mean body mass index (BMI) was 27.09 kg/m2 (range
18.73–40.40 kg/m2; SD 4.42). In 43 patients, a bilateral breast reconstruction was performed.
Any incidentalomas were registered. All CTA scans were performed at the Radiology
Department on a 128 slice multidetector CT (SOMATOM AS+, Siemens Healthcare GmbH,
Forchheim, Germany) using a standardized protocol: collimation 64 × 2 × 0.6 mm by
z-flying focal spot, rotation time 0.5 sec, spiral pitch factor 0.9, reference tube voltage
120 kV, reference tube current time product 200 mAs. A dose of 60 mL iodine-based con-
trast medium (Imeron 350, Bracco S.p.A., Milano, Italy) was injected in an antecubital vein
in all patients with a flow rate of 5 mL/sec using a power injector (Accutron CT-D, Medtron
AG, Saarbrücken, Germany). The CTA scans were reconstructed in thin slices (0.75 mm)
with overlapping increments (0.5 mm) for 3D post processing purposes and in overlapping
thick slice maximum intensity projections (10 mm/5 mm) in all three planes (transversal,
sagittal, coronal) for clinical evaluation (Figure 1).

The relevant images were analysed from 4 cm above the umbilicus until the symphysis.
The level of the umbilicus was always taken as a reference point to determine other
parameters such as the perforator’s exit out of the anterior rectus sheet as well as the
branching of the DIEA. The localization of any branching or exit point was referred to the
umbilicus as the y-axis and the midline for the x-axis. All assessed parameters regarding the
DIEA branching, the perforator anatomy, and general parameters are summarized in Table 1.
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Additionally, the connection to the SIEV was assessed for every perforator and classified as
direct, indirect (drainage of superficial fat compartment), or no connection, respectively.

The mean operating time and any inflap anastomosis of the SIEV were noted. Further-
more, the number and DIEA row, i.e., medial vs. lateral row, of perforators included for
flap transplantation were evaluated.

Statistical analysis:
The aims of the statistical analysis were: 1. a descriptive analysis of all collected

variables and 2. to search for significant correlation between these variables.
The descriptive analysis used counts, percentages for categorical variables, and mean,

median, and standard deviation for interval-scaled variables.
Correlation was evaluated by bivariate tests of all pairs of variables and subsequent

post hoc tests with a correction for multiple testing. Software was GraphPad Prism 8
(GraphPad Software, San Diego, CA, USA) and R 3.6.1 (R Core Team (2019)).
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Figure 1. Perforator and DIEA mapping using computed tomographic angiography (CTA) in transver-
sal (A), sagittal, (B) and coronar (C) view (#: connection to SIEV, +: intramuscular course, *: branching
of DIEA).

Table 1. Assessed parameters of CTAs.

DIEA Branching

Branching pattern Type 0-IV according to Moon and Taylor
classification (modified by Rozen et al.)

Branching pattern point Localization on the x- and y-axis

Perforator Sorted by diameter

Diameter At the exit of the rectus sheath

Entrance of the perforator into the
DIEA branch Localization on the x- and y-axis

Medial/lateral

Intramuscular course Short (<1.5 cm), long (>1.5 cm), no intramuscular
course (medially around the rectus muscle)

Exit of the rectus sheath Localization on the x- and y-axis

SIEV Direct connection, indirect connection, no
connection to upper fat compartment
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Table 1. Cont.

Subcutaneous fat Thickness 3 cm to the right and left of the
umbilicus

General information

- Operating time
- Incidentalomas
- Intraoperative SIEV anastomosis if necessary
- flap type
- Intraoperative used perforators
- BMI/height/weight

3. Results

In total, 128 DIEP and 214 ms-TRAM flaps were performed, including 43 bilateral
breast reconstructions. Out of those 214 ms-TRAM flaps, there were 2 ms0-, 164 ms1-,
and 48 ms2-TRAM flaps. An amount of 600 hemiabdominal walls were analysed with
2260 perforators in total. The correlation of the thickness of the subcutaneous fat (mean
3.0 cm, SD 0.94 cm) and the flap choice indicated that ms-TRAM flaps were more often
performed at higher BMIs.

In half of the cases (48.8%), there was a type II branching according to the Moon
and Taylor Classification (modified by Rozen et al. [31]), followed by type I (37.8%), type
III (12.7%), and IV (0.5%). Comparing the left to the right hemiabdomen there was a
symmetry in most cases. Looking at the most common type II, the average branching point
on the x-axis was 4.34 cm lateral and 5.73 cm on the y-axis caudal to the umbilicus. Only
in ten cases was the branching cranial to the level of the umbilicus. Another significant
observation was the correlation between branching type and the number of perforators: the
higher the number of main DIEA branches, the more perforators were detected (correlation,
r = 0.2743; p < 0.0001).

3.1. Diameter and Branching of Perforators

There were four perforators on each side of the abdomen on average (range 0–11; SD 2)
with a diameter of 1.5 mm (SD 0.5 mm).

An amount of 58% of all perforators emerged off the medial branch of the DIEA and
42% were lateral branch perforators. The average entrance point of the rectus sheath was
3.5 cm lateral (SD 1.9 cm) and 0.94 cm caudal (SD 3.1 cm) of the umbilicus.

Statistical analysis showed that the diameter of medial row perforators (mean 1.58 mm;
SD 0.52 mm) was significantly larger than the diameter of lateral row perforators (mean
1.44 mm; SD 0.43 mm) (p < 0.001) (Figure 2).

3.2. SIEV

There was a significant correlation between perforator diameter and SIEV connection.
The larger the diameter of the perforator, the more likely a perforator had a connection to
the SIEV or the superficial fat compartment (Figure 3).

Next to the diameter, the perforator exit of the rectus sheath on the x- and y-axis had a
significant influence on SIEV connectivity (p < 0.01). A perforator with a close exit of the
rectus sheath to the umbilicus on the x- and y-axis was more likely connected to the SIEV
(Figure 4).

An amount of 46.9% of the perforators had a direct connection to the SIEV, 45.3%
drained only the superficial fat compartment, whereas only 7.7% had no connection to the
SIEV or superficial fat compartment at all. The medial row perforator more often showed
a direct connection to the SIEV, whereas the lateral row perforator mainly drained the
superficial compartment without direct connection to the SIEV (p < 0.001) (Figure 5).
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3.3. Intramuscular Course

The intramuscular course of each perforator was categorized into “short” (<1.5 cm),
“long” (>1.5 cm), and “no intramuscular course” (medially around the rectus muscle)
regarding their cranial/caudal course through the rectus abdominis muscle. A total of
45.5% of all perforators showed a short course through the muscle, only 32.4% had a long
course, and in only 100 perforators (4.5%) was a course medial around the muscle observed.
In 17.7% of all perforators, there was no intramuscular course verifiable, thus making a
classification not possible.

Comparing the medial and the lateral row perforators with regard to their intramuscu-
lar course, there was a significantly higher number of perforators with short course among
the lateral row perforators as compared to medial row perforators (Figure 6).
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Figure 6. Medial row perforators had a more equally distributed intramuscular course, whereas
lateral perforators more often had a short intramuscular course. *** = p ≤ 0.001.

Also, the smaller the perforator in diameter, the less likely it had a long intramuscular
course (one-way ANOVA, p < 0.005).

Furthermore, the course medially around the rectus muscle (also termed “septal”,
i.e., no intramuscular course at all) applied to 2/3 of the large perforators and to 1/3 of the
small perforators.

3.4. Largest Perforator (No 1)

The largest perforator of every hemiabdomen was classified as the perforator no 1.
Comparing the perforator no 1 with a mean diameter of 2.0 mm (range 1–3.59 mm, SD

0.56 mm) with the remaining perforators (mean diameter of 1.4 mm, range 0.95–3.1 mm, SD
0.35 mm), it differed in all variables significantly. In 70%, the largest perforator originated
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from the medial branch of the DIEA, whereas the rest had a uniform distribution of the
medial and lateral branch (Figure 7) and exited closer to the umbilicus. Furthermore,
perforator no 1 was more often directly connected to the SIEV compared to the other
perforators (Figure 8).
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4. Discussion

CTA has become the gold standard in preoperative diagnosis prior to autologous breast
reconstruction using DIEP or ms-TRAM flaps [23] even though there is the disadvantage
of radiation and higher costs compared to the Doppler ultrasound [32]. By knowing the
course and characteristic of the perforators preoperatively, it allows the surgeon to reduce
operating time and increase the safety of the operation. It also helps to decide whether
a DIEP or ms-TRAM flap will be raised. In this retrospective study, we analysed every
single perforator in 600 hemiabdominal walls to gain further insight into the perforators’
characteristics and anatomy.

The main findings were that the largest perforator emerges in 2/3 of the medial row.
Additionally, medial row perforators have a larger diameter than lateral row perforators.
Furthermore, the closer the perforator leaves the rectus sheath to the umbilicus, the larger
was the diameter. Additionally, medial row perforators are more likely connected to the
SIEV than lateral row perforators. Regarding the perforator no 1, it differs significantly from
the remaining perforators. The mean diameter of perforator no 1 was 2.0 mm compared to
a diameter of 1.5 mm for perforator no 2, and 1.3 mm for perforator no 3. Schrögendorfer
et al. noticed a mean diameter of 1.73 mm without splitting into different perforators [33].
In Masia et al., the dominant perforator’s diameter ranged from 0.6 to 3.2 mm [34], which
is similar to our range of 1–3.6 mm. Furthermore, perforator no 1 was almost twice as
much as the remaining perforators connected to the SIEV, it was more equally distributed
concerning short and long intramuscular course, it left the rectus sheath mainly medially,
thus closer to the umbilicus on both axes. Therefore, we used a coordinate system that was
already established in other studies [26,35,36]. Mohan et al. also detected that the larger
dominant perforators arise mainly from the medial row around the umbilicus, calling it the
“hot spot” [37]. Analysing the vascular territories using adult cadavers, Wong et al. even
broke it down by comparing different flap types. The perfusion was found to be the largest
in the full-width TRAM flap followed by the almost comparable medial row-perfused
ms-TRAM and the medial row perforator DIEP flap [38].

Using the modified Moon and Taylor classification for grading the DIEA in a coronal
view, we found a type II branching in 49%. The Moon and Taylor study showed 57% type
II DIEAs, whereas Pellegrin only noticed a type II in 28% and mainly type I (65%) [39].
Masia et al. also included over 300 patients, but they analysed the perforators for only
some patients in greater detail [34]. Regarding the branching pattern, they mainly detected
a type II (right hemiabdomen: 58.8%, left hemiabdomen: 52.8%) and the rest showed a
type I branching pattern. Rozen et al. showed a similar distribution to ours (I 29%, II 57%,
III 14%). Masia’s caudal point of the branching pattern was also closer to the umbilicus
(5.05 cm) compared to our branching point, which was 5.73 cm caudal of the umbilicus.
The Navarra conference led to the consensus that analysing the branching pattern in an
anterior view is very helpful [32]. Almost every single branching point was caudal from
the level of the umbilicus. We were able to show that the more branchings of the DIEA, the
more perforators were detectable. Having four perforators on each side, the mean diameter
for the largest perforator was 1.9 mm on the left and 2 mm on the right side [35]. Pellegrin
et al. found fewer perforators [39] and differences between the left and the right side: three
perforating branches on the right and two on the left side. This might be due to different
inclusion criteria since in our study every single perforator that was found was analysed.

We also found that the closer the exit of the rectus sheath to the umbilicus on the
x-axis, the larger the diameter of the largest perforator. Bailey et al. already confirmed
this in a smaller study only analysing the largest perforator [26]. In several studies, it was
also observed that those perforators that are located periumbilical show better perfusion of
the elevated flaps [40,41]. While we decided to classify the cranial/caudal intramuscular
course as “short” for distances under 1.5 cm, we found that mainly the lateral perforators
more often had a short intramuscular course compared to a long intramuscular course.
This was also detected by Rozen et al. in two studies but with fewer patients [25,29].
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There is no standard yet for how to classify the intramuscular course and there are
various options, whereas ours is only one of them. Navarra et al. analysed the intramuscular
course in an axial MIP view [32]. This might lead to difficulties in comparing different
studies. Comparing medial with lateral branch perforators, we found a distribution of
58% medial perforators versus 42% lateral perforators and significantly larger medial
than lateral branch perforators. Similar results in Kukrek et al. confirm the occurrence of
more medial perforators [42]. In their analysis, almost 50% of the perforators had a long
intramuscular course, only 39% had a short intramuscular course, and 11% had a course
medial around the rectus muscle, whereas in our study, the short course was predominate
with 45%. This difference might depend on a different classification of the intramuscular
course and fewer patients included in their study compared to ours.

The SIEV is an often undervalued topic in other studies, hence we analysed the
connection of every perforator to the SIEV and found out that medial row perforators
more often have a direct connection, whereas lateral row perforators often do not have a
direct connection but drain the superficial fat compartment. Similarly, during the Navarra
meeting, they found consensus that the venous system plays an immense role [32]. This
was also mentioned by Zhang et al. without dealing in detail with the SIEV communicating
with the perforators [43]. Between the right and left hemiabdomen, we did not find any
statistically significant difference, thus it can be considered as symmetrically distributed. In
this study, we have not evaluated the SIEA anatomy due to the focus on the DIEA anatomy
and the arising perforators. We also did not correlate the CTA findings with intraoperative
perforator choice and diameter and ICG flap viability due to the retrospective character of
the study.

Bailey et al. compared the dominant medial row perforators on the right and left side
and noticed symmetry as well [26]. Number and diameter were analysed in Rosson et al.
and also identified as symmetric [28].

With a mean BMI of 27 kg/m2, most of our patients were overweight. This matches
the observations seen in other studies. Zang et al. had a smaller mean BMI of 23.6 kg/m2

probably resulting from the fact that only Asian women were included [43]. Furthermore,
the higher the BMI, the more likely a perforator emerges more lateral through the rectus
sheath. A reason for this might also be a potential rectus diastase.

We acknowledge some limitations of our study. Due to the high number of perforators
(>2000), pairwise statistical tests showed a significant result for almost everything irrespec-
tive of the strength of their connection. The enhanced artery and concomitant unenhanced
veins run close together and are sometimes hard to distinguish making measurement of the
perforator diameter difficult. Whereas this study dealt with the medical aspects concerning
optimizing operative outcome, it is also important to consider the patient’s perspective to
gain the optimal result, for example, by using the BREAST-Q assessment [44–46]. Due to
the retrospective character of the study, no correlation of the CTA findings with intraoper-
ative findings was possible and therefore no outcome analysis like Breast-Q assessment
was performed.

To the best of our knowledge, this is the largest anatomical study of CTAs prior
autologous breast reconstruction.

5. Conclusions

The preoperative CTA provides multiple information regarding perforator anatomy,
which were analysed in this study in great detail. We were able to show that the largest
perforator emerges more often from the medial branch of the DIEA and more often has a
direct connection to the SIEV. Large perforators were most likely found around the umbili-
cus and arising from the medial row. Additionally, medial row perforators showed more
direct connections to the SIEV and larger diameters compared to lateral row perforators,
making them ideal for DIEP flap transplantation.
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Abstract: Objective: In this study, we aim to present a single institution’s 25-year experience of
employing a comprehensive multidisciplinary team-based surgical approach for treating patients
with NF-1. Summary Background Data: All patients (n = 106) with a confirmed diagnosis of NF-1
who were treated using a multidisciplinary surgical treatment algorithm at Chang Gung Memo-
rial Hospital between 1994 and 2019 were retrospectively enrolled. Patients were categorized into
groups according to the anatomy involved (craniofacial and noncraniofacial groups) and the type
of clinical presentation (plexiform and cutaneous neurofibromas groups) for comparative analysis.
Methods: The number of surgical interventions and number of specialists involved in surgical care
were assessed. Results: Most of the patients exhibited craniofacial involvement (69.8%) and a plex-
iform type of NF-1 (58.5%), as confirmed through histology. A total of 332 surgical interventions
(3.1 ± 3.1 procedures per patient) were performed. The number of specialists involved in surgi-
cal care of the included patients was 11 (1.6 ± 0.8 specialists per patient). Most of the patients
(62.3%) underwent two or more surgical interventions, and 40.6% of the patients received treatment
from two or more specialists. No significant differences were observed between the craniofacial
and noncraniofacial groups in terms of the average number of surgical interventions (3.3 ± 3.2 vs.
2.7 ± 2.7, respectively) and number of specialists involved (1.7 ± 0.9 vs. 1.4 ± 0.6). Patients
with plexiform craniofacial involvement underwent a significantly higher average number of sur-
gical interventions (4.3 ± 3.6 vs. 1.6 ± 1.1; p < 0.001) and received treatment by more specialists
(1.9 ± 0.9 vs. 1.2 ± 0.5; p < 0.001) compared with those having cutaneous craniofacial involvement.
Conclusions: In light of the potential benefits of employing the multidisciplinary team-based surgical
approach demonstrated in this study, such an approach should be adopted to provide comprehensive
individualized care to patients with NF-1.

Keywords: neurofibromatosis; craniofacial; surgical treatment; multidisciplinary team; plexiform
neurofibroma

1. Background

Neurofibromatosis type 1 (NF-1), also known as von Recklinghausen disease, is a
hereditary condition with a worldwide incidence of 1 per 2500 to 3000 that predisposes an
affected individual to tumor development and affects the central and peripheral nervous
systems [1]. It is caused by pathogenic variants in the NF1 gene and is characterized by café
au lait macules, skin-fold freckling, Lisch nodules, optic glioma, and distinctive osseous
lesions (such as sphenoid dysplasia or thinning of the long bone cortex) [1–6]. Patients
with NF-1 are prone to numerous peripheral nerve sheath tumors [3–6]. Cutaneous and
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plexiform neurofibromas can grow to a large size, which considerably affects quality of
life and has psychosocial implications because of itchiness, function impairment, physical
disfigurement, and pain [7,8].

The wide range of clinical manifestations in neurofibromas, with varying anatomical
location, number, size, progression, recurrence, local invasion, and compression of vital
structures, necessitates multidisciplinary treatment and follow-up [8]. Although clinical
trials have investigated the efficacy of various drugs (e.g., sirolimus, imatinib, tipifarnib,
and pirfenidone) to treat particular features of NF1, surgical resection remains the standard
procedure for the management of cutaneous and plexiform neurofibromas [9–12]. However,
no single surgical algorithm is available to help clinicians in addressing the complexity and
full spectrum of NF-1 abnormalities.

Because of the complexity due to the many regions and systems that may be affected,
we applied an evolving multidisciplinary model of care that involves a range of health
care professionals working in coordination at our center to provide comprehensive surgical
treatment to complex and challenging conditions in patients presenting with NF-1. This
long-term single-center study reports 25 years of evolving experience in implementing a
multidisciplinary team-based surgical treatment approach for NF-1 management.

2. Methods
2.1. Patient Selection

This observational retrospective study included all patients with NF-1 who were sur-
gically treated at a single institution (Linkou/Taoyuan Chang Gung Memorial Hospital)
between 1994 and 2019. Patients with a confirmed diagnosis of NF-1, according to the cardinal
criteria of consensus from the National Institutes of Health, who underwent surgical treatment
performed by our multidisciplinary team were included. The exclusion criteria were patients
with incomplete registration of treatment course, patients who received surgical treatment at
another institution during the follow-up period, and replicated cases in the database. A total
of 169 patients matches our inclusion criteria, and 53 patients were excluded. The remaining
106 cases, aged from 2 to 74, were enrolled for subsequent analysis.

2.2. Data Collection and Stratification

Demographic (age and sex), clinical (types of clinical presentation, disease involve-
ment, and malignant transformation), and surgical (numbers and types of specialties and
procedures) data were verified through review of electronic medical records and clinical
photographs. On the basis of the type of clinical presentation, patients were categorized
into either the plexiform neurofibroma or the cutaneous neurofibroma group. According
to the anatomical region involved in the disease, patients were categorized into either the
craniofacial (skull, face, orbit, brain, and cranial nerve) or the noncraniofacial (neck, chest
wall, mediastinum, trunk, and extremities) group.

This study was approved by the Institutional Review Board of Chang Gung Medical
Foundation (approval 202000258B0) and conducted in compliance with the 1975 Declaration
of Helsinki, as amended in 1983. Singed consent forms for further academic use and
publications were obtained from patients prior to every clinical photograph, including all
of the cases presented in this article.

3. Statistical Analysis

Descriptive analysis was performed, and the data are presented as mean ± standard
deviation for metric variables and percentages for categorical variables. Data distribution was
verified using the Kolmogorov–Smirnov test. Independent t tests were employed for com-
parative analysis (craniofacial versus noncraniofacial groups and plexiform versus cutaneous
groups). Two-sided p values of <0.05 were considered statistically significant. All analyses
were performed using IBM SPSS software v22.0 (IBM Corp., Armonk, NY, USA).
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4. Results

A total of 106 patients (57 men; mean age at initial evaluation of 24.44 ± 14.18 years;
mean follow-up period of 9.71 ± 6.24 years) with NF-1 were enrolled in this study. Most
of the patients had craniofacial involvement (n = 74, 69.8%; Table 1) and histologically
confirmed plexiform NF-1 (n = 62, 58.5%). Most of the patients (n = 47, 63.5%) with
craniofacial involvement had a plexiform type of presentation.

Table 1. Distribution of patients (n = 106) with neurofibromatosis type I according to anatomical region.

Anatomical Region Patients Percentage

Skull 18 17.0%
Face 66 62.3%
Orbit 28 26.4%
Brain 11 10.4%

Cranial nerve 1 0.9%
Neck 25 23.6%
Trunk 55 51.9%

Chest wall 2 1.9%
Mediastinum 4 3.8%

Lung 2 1.9%
Extremities 42 39.6%

Spine 19 17.9%
Visceral 1 0.9%

A total of 332 surgical interventions (3.13 ± 3.05 (range, 1 to 19) procedures per patient)
were performed. The number of specialties involved in surgical care of the included patients
was 11 (1.57 ± 0.79 specialties (range, 1 to 4) per patient; Table 2). Most of the patients
(62.3%) underwent two or more surgical interventions, and 40.6% of the patients received
treatment by two or more specialists.

Table 2. Specialties involved in surgical care of patients (n = 106) with neurofibromatosis type I.

Specialty Surgical Intervention
(Number)

Patients
(Number)

Patients
(Percentage)

Plastic surgery 160 60 56.6%
Ophthalmology 48 25 23.6%
Neurosurgery 31 22 20.8%
Orthopedics 26 15 14.2%
Dermatology 25 19 17.9%

Radiology 22 13 12.3%
General surgery 13 6 5.7%
Chest surgery 2 2 1.9%

Otorhinolaryngology 2 2 1.9%
Colorectal surgery 1 1 0.9%
Pediatric surgery 1 1 0.9%

No significant differences were observed between the craniofacial and noncraniofacial
groups in terms of the average number of surgical interventions (3.31 ± 3.21 vs. 2.72 ± 2.67,
respectively; p = 0.362) or the number of specialists involved in surgical care (1.65 ± 0.85 vs.
1.38 ± 0.61; p = 0.065). Patients with plexiform craniofacial involvement had undergone a
significantly higher average number of surgical interventions (4.28 ± 3.62 vs. 1.63 ± 1.08;
p < 0.001) and had been treated by more specialists (1.91 ± 0.91 vs. 1.19 ± 0.48; p < 0.001)
than those having cutaneous craniofacial involvement.

In our analysis, plastic surgeons and ophthalmologists were found to be the most
common combination of specialists, being adopted to treat 10 patients. Other specialist
teams comprised plastic surgeons, ophthalmologists, and neurosurgeons (employed to
treat four patients); plastic surgeons and radiologists (employed to treat four patients);
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plastic surgeons, ophthalmologists, neurosurgeons, and radiologists (employed to treat
three patients); plastic surgeons and neurosurgeons (employed to treat three patients); and
plastic surgeons, ophthalmologists, and radiologists (employed to treat three patients).

5. Multidisciplinary Approach

We have been using a comprehensive multidisciplinary team-based surgical approach
in our center for managing patients with NF-1 for 25 years, with the approach evolving
over time. Because of the progressive nature of NF-1 and the risk of it affecting multiple
anatomical regions, the first professional who evaluates the patient has been responsible
for general screening and referral to other specialists. Further referrals are made as needed
according to further clinical findings made during the disease course. Additional profes-
sionals have been continually introduced when new clinical presentations are encountered
by our team, and we have been updating the protocol on account of repeated observations
of the same clinical presentation. At present, 11 specialties are engaged in providing a
therapeutic algorithm at our center (Figure 1).
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Figure 1. Multidisciplinary team-based treatment algorithm for neurofibromatosis type I (NF-1).

The psychological burden of a chronic and destructive disease associated with visible
and stigmatizing skin lesions, which cause functional and aesthetic deficits in patients,
is the main criteria for surgery. For cutaneous neurofibromas, which are characterized
by superficial or dermal lesions, regular clinical follow-ups for the observation of each
lesion is often sufficient [13]; surgical excision (scalpel- or laser-based removal) is indicated
for symptomatic lesions (i.e., those exhibiting pain, bleeding, functional impairment, or
disfigurement) or upon patient request [1,14,15]. For plexiform neurofibromas, which
are characterized by deep lesions, the size, location, and symptomatic presentation serve
as the influential factors to define the line of treatment. Targeted therapy can reduce
tumor volume [16]; however, surgical excision remains the main therapeutic intervention
for plexiform neurofibromas [8,15]. Imaging analysis (computed tomography, computed
tomography angiography, and magnetic resonance imaging) can be used to help define the
total size and depth of lesions as well as to reveal the involvement of adjacent structures;
according to the imaging results, the appropriate specialist team can be assembled for
surgical intervention [17].
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6. Preoperative Embolization

Before surgical excision of plexiform neurofibromas, the necessity for preoperative
embolization should be considered. A total of three patients with craniofacial NF-1 and
histologically confirmed plexiform neurofibromas received preoperative embolization by a
radiology team before radical resection of neurofibromas to prevent massive intraoperative
blood loss. Most of the embolization procedures were performed 3 or 4 days prior to surgery.
All of the embolized vessels were branches of the external and internal carotid arteries,
which included the maxillary artery (100%), facial artery (75%), superficial temporal artery
(37.5%), and superior thyroid artery (37.5%; Figure 2).
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Figure 2. Target vessels of preoperative transarterial embolization (n = 8).

The possible role of embolization should be evaluated whenever radical excision with
massive bleeding is anticipated and should be re-evaluated before secondary surgical
interventions in each patient. Despite successful preoperative embolization, massive blood
loss occurred during surgical intervention in our experience, which highlights the need for
pre-emptive anesthesia (regional blocks plus hypotensive anesthesia) and proper surgical
execution with careful soft tissue manipulation, systematic ligation of vessels, and blood
transfusions as needed.

7. Malignant Transformation

In total, 19 (17.9%) patients were diagnosed as having neurofibromatosis-related malig-
nancy, which included malignant peripheral nerve sheath tumors (n = 17), gastrointestinal
stromal tumor (GIST; n = 2), and cerebellar astrocytoma (n = 1); one patient exhibited both
malignant peripheral nerve sheath tumor and GIST. Malignant peripheral nerve sheath
tumor was evident in various anatomical regions, namely the spine (n = 6), lung (n = 4),
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trunk (n = 4), liver (n = 2), peritoneum (n = 2), extremities (n = 2), scalp/face (n = 2), kidney
(n = 1), brain (n = 1), and jejunum (n = 1). Despite the postoperative adjuvant radiotherapy
performed on the patients to reduce the risk of local recurrence and as a salvage strategy
after tumor resection, a high recurrence rate and disease progression were observed.

8. Complicated Cases

Seven patients with severe plexiform craniofacial neurofibroma-related functional
and aesthetic impairment underwent surgical excisions that required microsurgical free
flaps for reconstruction (Figures 3–5). Multi-stage and extensive revision procedures were
necessarily required [18–21].
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Figure 3. Clinical images of a 30-year-old man with hemifacial plexiform neurofibromatosis exhibiting
no ipsilateral facial nerve function and vision. The patient was followed up by the multidisciplinary
team for 12 years. Magnetic resonance imaging shows the extent of the plexiform tumor before
surgical excision. Two sections of embolization of branches of the right external carotid artery, internal
maxillary artery, and superficial temporal artery were completed before radical surgical excision.
The distal right external carotid artery was ligated, and the tumor was extensively excised through
scalp, preauricular, and submandibular incisions. Microsurgical free flaps (anterior lateral thigh flap
and myocutaneous gracilis free flap) were transferred to reconstruct the facial defect. Additional
procedures included orbitotomy, tumor resection (nasal and upper lip regions), labial suspension,
canthopexies, eyelid reconstruction, and ocular prosthesis placement.
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Figure 4. Clinical images of a 15-year-old adolescent boy from Africa who presented with diffuse
plexiform craniofacial neurofibromatosis with no ipsilateral facial nerve function and no vision. After
preoperative embolization (right superficial temporal, internal maxillary, and facial arteries) and
intraoperative ligation of the right external carotid artery, a radical excision of the tumor with orbital
repositioning was performed. Microsurgical free flaps (anterior lateral thigh flap and myocutaneous
gracilis free flap) were transferred to reconstruct the facial defect. Additional procedures included or-
bitotomy, skull base tumor removal, and right fronto-orbital craniotomy, with orbital and craniofacial
reconstruction and ocular prosthesis placement.
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Figure 5. Clinical images of an 11-year-old boy with craniofacial plexiform neurofibromatosis who has
been followed up with since the age of 2 and has been receiving orbital and zygomatic repositioning
and reconstruction of the orbital roof and temporal bone. Owing to the disease progression, a radical
excision was performed after preoperative embolization (branches of the left internal maxillary,
lingual, and facial arteries) and total interruption of the left external carotid artery. The soft tissue
defect was reconstructed with an anterior lateral thigh flap. Magnetic resonance imaging showed
involvement of the left intraorbital, parasellar, parapharyngeal, and posterior pharyngeal regions
and adjacent disorganized brain tissues and dural ectasia; craniotomy was performed for skull
base and orbital tumor removal. Additional procedures included serial tumor excisions, lip repair,
and canthoplasty. Magnetic resonance imaging indicated a mediastinal mass (yellow arrow) with
neck swelling, and shortness of breath had developed in recent years. An additional neurofibroma
compressing the cervical spine (C2 and C3 level) was also identified.

9. Discussion

The cohort in our study exemplified the wide spectrum of NF-1 presentation, with
various anatomical sites affected by tumors, causing functional and aesthetic impairments
in the patients [7,22]. Because NF-1 can be expressed clinically in various manners, differing
even between members of the same family carrying the same NF1 mutation, treatment may
range from clinical observation and isolated removal of cutaneous tumors to drug-centered
therapy for neurological and endocrinological abnormalities and chemotherapy or targeted
therapy for conditions such as optic gliomas, malignant peripheral nerve sheath tumors,
and GIST [8,9,23–29]. This long-term study focused on the surgical treatment of patients
with NF-1 by using a multidisciplinary team-based approach.

Overall, the number of affected anatomic regions and systems and the number of spe-
cialists involved in care were high in our study. We stratified the patients into craniofacial
and noncraniofacial groups because it assisted us in surgical decision-making (Figure 1).
Moreover, we tested the hypothesis that craniofacial involvement requires an intensive
therapeutic approach to restore both functionality and aesthetics of craniofacial structures
in the patients. Neurofibroma-related facial disfigurement strongly influences aesthetic
appearance and interpersonal relationships, much more so than neurofibromas affecting
the trunk or extremity regions [30–34]. Moreover, tumor lesions affecting the cranial nerves
or orbital and brain regions can have a major effect on functional activities [5,23,24]. How-
ever, we observed no significant differences in the number of surgical interventions and
specialists involved in care of patients with and without craniofacial involvement.

Patients with craniofacial plexiform neurofibromas underwent a higher number of
surgical interventions and required more specialist treatment during the disease course
than did those having craniofacial cutaneous neurofibromas. Plexiform neurofibromas
occur less frequently than cutaneous neurofibromas, but plexiform lesions are considered
the main source of morbidity in craniofacial NF-1 because these tumors can spread in size,
eventually leading to soft tissue hypertrophy, and functional and aesthetic impairments.
Therefore, patients with craniofacial plexiform neurofibromas require condition-specific
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planning for surgical treatment. This particular subset of patients with NF-1 experiences
limited improvement after surgical excision of plexiform neurofibromas along with a high
risk of perioperative complications and a high recurrence rate, which is frustrating for both
the patients and clinicians [25,26].

The most common surgical approach for treating plexiform craniofacial neurofibroma
that affects both patients functionality and aesthetics is en bloc translesional excision
performed according to the facial aesthetic unit principle and without sacrificing the
functional nerves [18]. In our analysis, plastic surgeons, ophthalmologists, neurosurgeons,
and radiologists actively participated in the therapeutic management of these patients.
Plastic surgeons were responsible for tumor resection and reconstruction. For patients with
infiltrating tumors of the orbitotemporal region that cause ptosis, optic nerve compression,
or blindness or even involve the brain or skull base, ophthalmologists and neurosurgeons
provided the proper management [20,35–37]. Proper preoperative diagnosis and planning
under the multidisciplinary team-based surgical approach permitted us to successfully
maximize the risk-to-benefit ratio for treating these patients with plexiform craniofacial
neurofibromatosis and to aim for maximal improvement in the functional and aesthetic
outcomes with minimal complications and disruptions in the adjacent functional structures.

Microvascular free tissue transfer following radical resection of large neurofibromas
was proven to be a safe and reliable method for the coverage of extensive soft tissue de-
fects [38]. In our experience, despite the successful coverage of large, raw craniofacial
wounds, functional reconstruction was not effective. Revision procedures were also re-
quired. Alternative forms of soft tissue coverage, including simple skin grafts, could also
be considered [18]. In this setting, patients and parents should be advised of the limita-
tions of surgical resection and reconstruction as well as the risk of relapse and malignant
transformation [7,8,23]. Moreover, a shared decision-making process between patients,
parents, and the members of the multidisciplinary team may assist in defining patients’
expectations and in improving outcomes with treatment and follow-up.

According to a report, 8 to 12% of patients with NF-1 may develop malignant pe-
ripheral nerve sheath tumors during their lifetimes [3]. We documented a high incidence
rate (16%) of malignant peripheral nerve sheath tumors in our study cohort and detected
other malignancies (cerebellar astrocytoma and GIST) during the 25-year period. Because
malignant peripheral nerve sheath tumors usually originate from a preexisting plexiform
neurofibroma, patients with NF-1, particularly those with plexiform type, should receive
regular follow-up to ensure early intervention if necessary.

The limitations of this study include an inherent bias associated with the retrospective
design. We provided our current protocol that is the product of 25 years of development,
but it should not be considered a unique or static protocol. Other centers engaged in the
management of patients with NF-1 should publish their specific protocols and apply, refine,
and adjust our protocol to their own environment of care. Future studies should assess
further outcome metrics including patient-reported outcomes and total cost effectiveness of
adopting a multidisciplinary team-based surgical approach in the management of patients
with NF-1. The published protocols and results may provide a basis for enhancing the
management of patients with NF-1.

10. Conclusions

In this long-term study, we assessed 25 years of surgical experience at a single insti-
tution in management of patients with NF-1. Our long-term experience suggests that the
multidisciplinary team-based surgical approach should be adopted to provide comprehen-
sive individualized care to patients with NF-1 and warrants its substantial role in treating
the patients with complicated plexiform neurofibromas.
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Abstract: Autologous fillet flaps are a common reconstructive option for large defects after forequarter
amputation (FQA) due to advanced local malignancy or trauma. The inclusion of osseous structures
into these has several advantages. This article therefore systematically reviews reconstructive options
after FQA, using osteomusculocutaneous fillet flaps, with emphasis on personalized surgical tech-
nique and outcome. Additionally, we report on a case with an alternative surgical technique, which
included targeted muscle reinnervation (TMR) of the flap. Our literature search was conducted in
the PubMed and Cochrane databases. Studies that were identified were thoroughly scrutinized with
regard to relevance, resulting in the inclusion of four studies (10 cases). FQA was predominantly
a consequence of local malignancy. For vascular supply, the brachial artery was predominantly
anastomosed to the subclavian artery and the brachial or cephalic vein to the subclavian or external
jugular vein. Furthermore, we report on a case of a large osteosarcoma of the humerus. Extended FQA
required the use of the forearm for defect coverage and shoulder contour reconstruction. Moreover,
we performed TMR. Follow-up showed a satisfactory result and no phantom limb pain. In case of the
need for free flap reconstruction after FQA, this review demonstrates the safety and advantage of
osteomusculocutaneous fillet flaps. If the inclusion of the elbow joint into the flap is not possible,
we recommend the use of the forearm, as described. Additionally, we advocate for the additional
implementation of TMR, as it can be performed quickly and is likely to reduce phantom limb and
neuroma pain.

Keywords: forequarter amputation; targeted muscle reinnervation; osteomusculocutaneous flap;
fillet flap; epaulette flap; interscapulothoracic amputation; spare parts; microsurgery; reconstructive
surgery

1. Introduction

The multimodal treatment of primary malignant bone or soft tissue tumors involves
multiagent chemotherapy, radiotherapy, and wide surgical resection. Since the combination
and enhancement of these regimes, long-term survival rates have improved significantly
over the last decades and the operative treatment advanced from direct amputation to
limb-sparing surgery [1]. However, for patients with locally advanced tumors of the limbs,
amputation remains the only curative option.

With regard to the upper extremity, interscapulothoracic amputation (ISTA) or
forequarter amputation (FQA) is the most radical ablative procedure [2]. It involves the
amputation of the complete upper extremity, including the anatomic structures of the
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shoulder girdle, leading to the loss of the shoulder silhouette. Besides malignant bone
tumors, post-radiation defects and traumatic scapulothoracic dissociation are the most
common indications for this rare procedure [2–4]. Depending on the extent of FQA, direct
wound closure is often not possible. A common reconstructive option for large defects
after FQA are fillet flaps. These are harvested from the amputated limb and do not create
any additional donor side morbidity. Depending on the surgical technique, different
flap designs have been established for the upper extremity—the fasciocutaneous, the
musculocutaneous, and the osteomusculocutaneous fillet flap [5–7]. While the first
two techniques are viable options for the coverage of skin and soft-tissue defects, the
inclusion of osseous structures can also stabilize the thoracic wall and reconstruct the
shoulder contour. Hence, this flap is called the “epaulette” flap, similar to the ornamental
shoulder piece of military uniforms [2]. Besides cosmetic advantages, the “epaulette”
flap also creates a stable osseous and soft-tissue envelope that provides a socket for an
upper-limb prosthesis [7,8].

Recent developments in prosthetic medicine have created devices that offer multi-
functional joints with fine motor capabilities, as well as improved comfort and aesthetics [9].
With the aim to accelerate the cortical control of these advanced prosthetic systems, the
concept of targeted muscle reinnervation (TMR) was presented in 2002. In TMR, transected
peripheral nerves are transferred to recipient motor nerves of residual muscles in the
amputated limb in order to avert muscle atrophy and reinitiate organized muscle innerva-
tion [10,11]. Prior studies revealed that TMR additionally significantly reduces the risk of
developing neuromas and phantom limb pain [9,12,13]. These two characteristics make
TMR a viable option for reconstructive procedures following curative or palliative FQA.

The aim of this article was to systematically review previous approaches for chest wall
stabilization and shoulder contour reconstruction after FQA with osteomusculocutaneous
free fillet flaps. Moreover, we report on a case with an alternative surgical technique that
incorporates the forearm, wrist, and metacarpus of the amputated limb into the flap in
combination with TMR. The simultaneous utilization of TMR provides the first results on
feasibility and improved neuropathic pain management after FQA and osseous “spare-
parts” reconstruction.

2. Methods

The identification of studies for this review was based on the Preferred Reporting Sys-
tems for Systematic Reviews and Meta-Analysis (PRISMA) statement [14]. The MeSH terms
“fillet flap”, “epaulette flap”, “osteomusculocutaneous flap”, “forequarter amputation”,
and “interscapulothoracic amputation” were used to search the PubMed and Cochrane
databases for publications that focus on shoulder contour reconstruction and thoracic wall
stabilization with osteomusculocutaneous free fillet flaps after FQA. The literature search
was completed on 3 February 2022. In total, 387 articles were identified (Figure 1). All of
the results were imported into the Covidence systematic review software (Veritas Health
Innovation, Melbourne, Australia) for the removal of duplicates.

First, the titles and abstracts of the citations were individually scrutinized to determine
which were relevant to the review. Subsequently, studies were excluded if they were
not available in English or German, or if they described the usage of cutaneous and
musculocutaneous (soft-tissue) fillet flaps or other reconstructive procedures (non-fillet
flaps) after FQA. This resulted in the identification of six articles that describe the usage
of osteomusculocutaneous fillet flaps for reconstruction following FQA. Two of these
were excluded from the study as they did not provide enough details on the surgical
technique used, as well as outcome measurements [7,15]. Four studies remained that met
the inclusion criteria.
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Figure 1. Study-selection algorithm based on the Preferred Reporting Systems for Systematic Reviews
and Meta-Analysis (PRISMA) statement.

3. Results
3.1. Literature Search

Ten cases of shoulder contour reconstruction and thoracic wall stabilization with
osteomusculocutaneous free fillet flaps after FQA were described in the four publications
that were identified (Table 1). In 8 out of 10 cases, FQA was a consequence of a local
malignancy, whereas two cases were due to prior trauma. Four patients required palliative
FQA, the rest were treated in a curative intention (n = 6). All of the patients survived the
initial surgery.

Table 1. Overview of all 10 cases that previously described free osteomusculocutaneous fillet flaps
for thoracic wall stabilization and shoulder contour reconstruction after FQA.

Ref. Indication Anastomosis Reconstruction Outcome

Steinau et al. (1992)
[2]

46 year old male with 8th
local recurrence of a

chondrosarcoma (T3 N0
M0 G2) with infiltration of
the brachial plexus and the

thoracic wall. Palliative
FQA with resection of 3

4 of
ribs 1–5 and partial

removal of the sternum

Brachial artery to
subclavian artery;

brachial and superficial
vein to the bifurcation
of the external jugular

vein

Fixation of radius and
ulna with interosseous

wires to remaining
parts of the sternum
and the sixth rib for

thoracic wall
stabilization

Exitus letalis 13 months
after surgery due to
bilateral pulmonary

metastases
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Table 1. Cont.

Ref. Indication Anastomosis Reconstruction Outcome

Steinau et al. (1992)
[2]

22 year old male,
recurrence of osteosarcoma
(T3 N1 M0 G3), palliative

FQA

Brachial artery to
subclavian artery;

brachial and superficial
vein to the bifurcation
of the external jugular

vein

Radius and ulna were
attached to the sternum

and the thoracic wall
with K-wires and

strong circumferential
wires

Revision due to an
infected hematoma.

Development of
bilateral pulmonary

metastases two months
after surgery

30 year old male, traumatic
interscapulothoracic

avulsion accident

Brachial artery to
subclavian artery;
brachial vein to

subclavian vein and a
superficial vein to the
external jugular vein

Fixation of the
Olecranon to the stump
of the clavicle and the
radius and ulna to the

thoracic wall. Both
with K-wires

No complications;
wears a passive

prosthetic replacement

Kuhn et al. (1994)
[16]

21 year old male with an
extensive recurrent

desmoid tumor involving
the chest wall from the
clavicle to the 8th rib.

Extensive FQA including
ipsilateral

hemithoracectomy and
pneumectomy

Brachial artery to
subclavian artery;
cephalic vein to.

internal jugular vein
and basilic vein to
innominate vein

Free forearm fillet flap
with attachment of the
ulna to the 2nd and 9th

rib with screws and
miniplates. The radius

was removed
completely

No complications;
returned to work three
months after surgery

Osanai et al. (2005)
[17]

16 year old male with
osteosarcoma, palliative

FQA

Brachial artery to
subclavian artery;
brachial vein to
subclavian vein

Plate osteosynthesis
between the humerus

and clavicle, 90◦ flexed
elbow for shoulder

contour reconstruction

Exitus letalis six
months after surgery

due to multiple
pulmonary metastases

56 year old female, primary
malignant cystosarcoma
phyllodes of the breast
with local progression,

extensive FQA including
chest wall and rib resection

(ribs 2 to 4)

Brachial artery to
suprascapular artery;

brachial vein to
suprascapular vein

Insertion of the end of
the clavicle into the

enlarged marrow cavity
of the humerus and

fixation with
nonabsorbable sutures,

90◦ flexed elbow for
shoulder contour

reconstruction

No evidence of local
recurrence 10 months

after surgery

Koulaxouzidis et al.
(2014) [18]

46 year old male, traumatic
FQA

Brachial artery to
subclavian artery;

Cubital vein to
subclavian vein

Plate osteosynthesis
between humerus and

clavicle, 90◦ flexed
elbow for shoulder

contour reconstruction

Partial necrosis, three
revision surgeries and

split-thickness skin
grafts

59 year old female,
radiation induced soft

tissue sarcoma (pT2a, N0,
M0, G3) with infiltration of

the brachial plexus and
ulceration, extended FQA
including the lateral third

of the clavicle

Brachial artery to
subclavian artery;

cubital vein to
subclavian vein

Cerclage wire
osteosynthesis of the

humerus to the middle
third of the clavicle, 90◦

flexed elbow for
shoulder contour

reconstruction

Three revision
surgeries due to arterial

thrombosis, wound
dehiscence, and partial
necrosis of the flap. No

local recurrence or
metastasis in two-year

follow up
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Table 1. Cont.

Ref. Indication Anastomosis Reconstruction Outcome

Koulaxouzidis et al.
(2014) [18]

73 year old female,
radiogenic sarcoma with
invasion of the brachial
and cervical plexus, the
scapula, lateral clavicle,

first three ribs and the apex
of the lung, extended FQA
including resection of the
first three ribs and lung

apex

Brachial artery to
internal thoracic artery;
brachial vein to internal

thoracic vein

Cerclage wire
osteosynthesis of the

humerus to the middle
third of the clavicle, 90◦

flexed elbow for
shoulder contour

reconstruction

No complications; the
patient died 14 years
after surgery from a
sarcoma-unrelated

causes

57 year old female,
loco-regional persistence of

an infiltrating lobular
carcinoma of the breast

16 years after initial
diagnosis and therapy.

FQA was necessary due to
infiltration of the brachial
plexus and stenosis of the

brachial vessels, infiltration
of the biceps, triceps, and
infraspinatus muscle as

well as the scapula

Brachial artery to
subclavian artery;
cephalic vein to

subclavian vein and
brachial vein to

external jugular vein

Plate osteosynthesis
between humerus and

clavicle, 90◦ flexed
elbow for shoulder

contour reconstruction

R1 resection, leading to
re-excision with
intraoperative

radiation.
Loco-regional

recurrence after six
years requiring another

re-excision and
adjuvant chemotherapy.
Again, four years later
the patient presented
with cervical lymph

node metastases
leading to neck

dissection.
Subsequently, one year
later, tumor recurrence

at the thoracic wall

Considering the vascular supply of the flap, the subclavian artery was predominantly
anastomosed to the brachial artery (n = 8). Other options were the suprascapular artery
(n = 1) and the internal thoracic artery (n = 1). In 5 out of 10 cases, two venous anastomoses
were completed. In the majority of cases, the brachial or cephalic vein of the flap was
connected to the subclavian or the external jugular vein (n = 7). Three cases required
revision surgery due to an infected hematoma (n = 1), partial skin necrosis (n = 2), and/or
arterial thrombosis (n = 1). Another case required tumor re-excision after the confirmation
of a R1 tumor margin. Three out of a total of six sarcoma patients developed pulmonary
metastases within the first 18 months after surgery, and two of these patients died within
the observation period. Another patient died 13 years after the initial operation from a local
recurrence of the sarcoma. Both patients with traumatic FQA survived the follow-up period.

3.2. Case Report

A 25-year-old male patient with a large chondroblastic osteosarcoma of the left upper
humerus presented to our hospital and was treated by our multidisciplinary sarcoma team
(Table 2). The patient was initially diagnosed eight months earlier but unfortunately de-
cided to pursue an alternative treatment with a homeopathic practitioner for three months.
When he returned to our hospital, the tumor had increased considerably in size and was
staged as cT2 cN0, cM1, infiltrating the glenohumeral joint, the muscles of the upper arm
and rotator cuff, as well as the latissimus dorsi and both pectoral muscles (Figure 2). Addi-
tionally, three suspect pulmonary lesions, thrombosis of the subclavian, axillar and brachial
vein was observed on CT-Angio scans. Due to oligometastasis and the young age of the
patient a curative treatment approach was initiated, including neoadjuvant chemotherapy
followed by wide tumor resection. Oncological treatment following the protocol of the
European and American Osteosarcoma Study Group (EURAMOS-1) was initiated [19,20].
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After 6 weeks of chemotherapy, wide resection was conducted. The surgery was performed
in an interdisciplinary collaboration of Tumor Orthopedics, Thoracic and Plastic Surgeons.
Due to the extent of the sarcoma, an extended FQA, including an atypical lung segment
resection and the resection of the first three ribs as well as the complete clavicle, was neces-
sary to allow complete resection. Suspect pulmonary lesions were individually resected by
atypical lung resections.

Table 2. Overview of the presented case using an osteomusculocutaneous fillet flap for defect
coverage after FQA.

Indication Anastomosis Reconstruction TMR Outcome

25 year old male with
central chondroblastic

osteosarcoma (cT2 cN0,
cM1), extended FQA,
including resection of

the clavicle and the first
three ribs

Brachial artery to
thoracoacromial artery

and cephalic vein to
subclavian vein

Plate osteosynthesis
between radius and
sternum, 90◦ flexed
wrist and fixation
sutures between

metacarpals and the
lateral thoracic wall

Nerve coaptation
between superior trunk

and median nerve,
middle trunk and
radial nerve, and

inferior trunk and ulnar
nerve

Discharged after
11 days, stable osseous

framework, Exitus
letalis three months
after surgery due to

disseminated,
primarily pulmonal,

metastases
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tion that used the elbow joint [17,18]. We therefore decided to use an osteomusculocuta-
neous free fillet flap from the tumor-free forearm for defect coverage and shoulder con-
tour reconstruction. The flexed wrist and metacarpal bones were incorporated into the 
flap to create a shoulder contour that would function as a prosthetic socket. The radius 
and ulna were shortened at the proximal end to a length of 14 cm and the skin and soft 
tissue were opened longitudinally on the ventral aspect of the forearm. The radius was 
then attached to the sternum with a plate. Subsequently, microsurgical anastomoses were 
performed between the brachial artery and thoracoacromial artery and between the ce-

Figure 2. CT-Scan of a 25 year old male who presented with a chondroblastic osteosarcoma of the
left proximal humerus, infiltrating the left glenohumeral joint and the muscles of the upper arm and
rotator cuff, including latissimus dorsi and both pectoral muscles (staged at cT2 cN0, and cM1).

Tumor infiltration into the distal end of the humerus prohibited a reconstructive option
that used the elbow joint [17,18]. We therefore decided to use an osteomusculocutaneous
free fillet flap from the tumor-free forearm for defect coverage and shoulder contour
reconstruction. The flexed wrist and metacarpal bones were incorporated into the flap to
create a shoulder contour that would function as a prosthetic socket. The radius and ulna
were shortened at the proximal end to a length of 14 cm and the skin and soft tissue were
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opened longitudinally on the ventral aspect of the forearm. The radius was then attached
to the sternum with a plate. Subsequently, microsurgical anastomoses were performed
between the brachial artery and thoracoacromial artery and between the cephalic vein and
remaining stump of the subclavian vein in end-to-end technique with interrupted sutures
(total time of ischemia: 165 min). The metacarpal bones were connected to the lateral
thoracic wall using a non-resorbable suture to ensure lateral stability of the construct. TMR
was performed by epineural coaptation of the three forearm motor-nerves (i.e., median,
radial, and ulnar nerve) to the three trunks of the brachial plexus (Figure 3). The skin
and soft tissue of the flap was fitted to the chest wall. The patient was transferred to
the intensive-care unit after surgery and was extubated on the following day. Pathology
confirmed R0-resection and complete wound healing occurred without infection or tissue
loss. The patient was discharged 11 days after surgery.

J. Pers. Med. 2022, 12, x FOR PEER REVIEW 7 of 15 
 

 

phalic vein and remaining stump of the subclavian vein in end-to-end technique with in-
terrupted sutures (total time of ischemia: 165 min). The metacarpal bones were connected 
to the lateral thoracic wall using a non-resorbable suture to ensure lateral stability of the 
construct. TMR was performed by epineural coaptation of the three forearm motor-nerves 
(i.e., median, radial, and ulnar nerve) to the three trunks of the brachial plexus (Figure 3). 
The skin and soft tissue of the flap was fitted to the chest wall. The patient was transferred 
to the intensive-care unit after surgery and was extubated on the following day. Pathology 
confirmed R0-resection and complete wound healing occurred without infection or tissue 
loss. The patient was discharged 11 days after surgery. 

 
Figure 3. Intraoperative view of osteomusculocutaneous free fillet flap for defect coverage after fore-
quarter amputation (FQA). The radius (and ulna) was shortened and attached to the sternum with 
a plate. Microsurgical anastomoses were performed between the brachial artery and thoracoacro-
mial artery, and between the cephalic vein and the remaining stump of the subclavian vein. Subse-
quently, targeted muscle reinnervation (TMR) by epineural coaptation of the three forearm motor-
nerves was performed: the superior trunk was connected to the median nerve (*), the middle trunk 
to the radial nerve (**), and the inferior trunk to the ulnar nerve (***). 

Clinical follow-up showed a solid osseous framework with good protection of the 
thoracic organs (Figure 4) and an acceptable improvement of the shoulder contour (Figure 
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Figure 3. Intraoperative view of osteomusculocutaneous free fillet flap for defect coverage after
forequarter amputation (FQA). The radius (and ulna) was shortened and attached to the sternum with
a plate. Microsurgical anastomoses were performed between the brachial artery and thoracoacromial
artery, and between the cephalic vein and the remaining stump of the subclavian vein. Subsequently,
targeted muscle reinnervation (TMR) by epineural coaptation of the three forearm motor-nerves was
performed: the superior trunk was connected to the median nerve (*), the middle trunk to the radial
nerve (**), and the inferior trunk to the ulnar nerve (***).

Clinical follow-up showed a solid osseous framework with good protection of the
thoracic organs (Figure 4) and an acceptable improvement of the shoulder contour (Figure 5).
The patient did not suffer from phantom limb or neuroma pain. Moreover, neurological
examination six weeks after surgery showed an increasing tactile sensation of the flap.
However, pulmonary and lymph-node metastases occurred during follow-up, resulting
in the continuous deterioration of the clinical condition. A palliative therapeutic concept
commenced, and the patient died three months after tumor resection.
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Figure 4. Osteomusculocutaneous free fillet flap including the tumor-free forearm for defect coverage
and shoulder contour reconstruction (radiograph taken one week after surgery). The 90◦ flexed wrist,
as well as the carpal and metacarpal bones, were incorporated into the flap to create a shoulder
contour that would function as a prosthetic socket. Plate osteosynthesis was used to attach the
sternum to the radius.
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Figure 5. Clinical follow-up six weeks after osteomusculocutaneous free fillet flap defect coverage,
including targeted muscle reinnervation (TMR). The results demonstrate an adequate reconstruction
of the chest wall integrity, as a well as an improved appearance of the shoulder contour. The
patient did not suffer from phantom limb or neuroma pain, and neurological examination showed
an increasing tactile sensation of the flap. Due to disease progression in the course of treatment,
cutaneous metastasis developed above the left breast.

4. Discussion

Improved reconstructive options and a multimodal treatment of mesenchymal tumors,
such as osteosarcomas, enabled limb salvage in the majority of patients [21,22]. Never-
theless, radical tumor resection is usually necessary as inadequate surgical margins are
significantly associated with higher local recurrence rates and decreased overall survival of
patients [15,16,23]. With regard to locally progressed primary tumors of the proximal upper
extremity, limb salvage is not always possible. In these cases, FQA allows for wide resection
margins [24]. However, albeit technically feasible, the radical ablation of the arm and the
anatomical structures of the shoulder girdle are associated with severe comorbidities, such
as possible life-threatening intraoperative hemorrhage, as well as respiratory impairment
or even failure [16,25], especially when including the resection of the chest wall and/or
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parts of the lung [16,26]. Nevertheless, while such a radical procedure has to be carefully
assessed for its advisability for each individual patient, FQA allows for wide resection
margins and, thus, a curative treatment concept [24,25].

A common consequence of the radical ablation of the arm and the anatomical struc-
tures of the shoulder girdle is the requirement of a subsequent microsurgical reconstruction
in order to enable adequate defect coverage and wound closure. The “spare-parts concept”,
which utilizes tissue from the amputated limb to reconstruct a defect without creating addi-
tional donor side morbidity (i.e., fillet flap), is a recognized technique in reconstructive and
traumatic surgery [7,15,27–29]. Küntscher and colleagues provided a thorough overview
of this surgical technique in an extensive study on 104 fillet flaps. The authors classify fillet
flaps into pedicled finger and toe, pedicled limb, and free filet flaps [15]. With regard to
free fillet flaps used for reconstructive surgery after FQA, flaps have been predominantly
described according to their tissue content (fasciocutaneous, musculocutaneous, and os-
teomusculocutaneous) [5,6]. In contrast to fasciocutaneous and musculocutaneous flaps,
the inclusion of bones in the osteomusculocutaneous fillet flap enables restoration of the
shoulder silhouette and provides additional stability, as well as protection of the thorax and
its inner organs, when using this technique for reconstruction after FQA [5–7,30]. Indeed,
the reconstruction of the chest wall integrity after extensive resection is of the highest
priority as a reduced structural integrity of the chest is associated with paradox respiratory
movement and therefore impaired ventilatory function [7,31]. Alternative methods that
offer stability, such as the use of alloplastic materials (e.g., synthetic mesh), have been
successfully described for the reconstruction of large chest wall defects [32,33]. These often
require additional soft tissue coverage, commonly by extensive free flaps in the case of
FQA. However, due to the risk of predominantly intraoperative bacterial contamination,
these are associated with a higher rate of infection and impaired wound healing [34–38].

Instead of utilizing the amputated limb, local or free flap reconstructive options may
be used for defect coverage after FQA. Indeed, several reports exist, which demonstrate
the successful use of these techniques, such as the fasciocutaneous deltoid, the tensor
fascia latae (TFL), or the TFL + rectus femoris flap [7,39,40]. Similarly, extensive studies
have been published regarding the reconstruction of the chest wall using primarily local
myocutaneous flaps [41–43]. However, in the case of FQA, where the subscapular system is
often severed, pedicled flaps like latissimus dorsi, (para)scapular, and serratus flaps become
unavailable local options. In addition, when compared to an osteomusculocutaneous fillet
flap, these procedures involve additional donor site morbidity, as well as limited stability
for the shoulder girdle.

Despite the potential physiological and psychological benefits for the patient, very
few cases of osteomusculocutaneous free fillet flaps for chest wall and shoulder recon-
struction have been described in previous publications. Our systematic literature search
identified four articles that give detailed information on this technique in a total of ten cases
(Table 1) [2,16–18]. Hitherto published surgical techniques on osteomusculocutaneous free
fillet flaps after FQA can be separated into two main subgroups, depending on the choice
of bones that were included into the flap—the approach by Steinau et al. as well as the
one by Kuhn and colleagues, who described the utilization of the radius and/ or ulna to
stabilize the thoracic wall [2,16]. Thus, Steinau et al. reported on three cases in which the
proximal forearm was fixated to the remaining parts of the clavicle or the sternum with
the distal ends of the radius and ulna being attached to the thoracic wall [2]. Two years
later, Kuhn et al. published a case report describing the use of the bones and soft-tissue of
the forearm to reconstruct the thoracic wall and to allow for mediastinal protection after
extended FQA, including complete anterior and posterior chest wall resection, as well as
pneumectomy [16].

In contrast, in their subsequently published articles, Osanai and colleagues as well as
Koulaxouzidis et al. described techniques that connect the distal humerus to the clavicle or
the sternum (in cases where a complete resection of the clavicle was necessary) and created
a lateral prominence that resembles the natural silhouette of the shoulder [17,18,37,44,45].
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Thus, Osanai et al. included the flexed elbow joint into the flap to imitate the natural
shoulder contour through the eminence of the olecranon [17]. Similarly, Koulaxouzidis et al.
also used the elbow joint for shoulder contour reconstruction in a total of four patients [18].
Moreover, this technique also involved the reconstruction of the axillary fold in addition to
the shoulder contour. The authors avoided large scale soft-tissue separation to preserve the
outline of the elbow, and the cubital skin crease was thus used to recreate the axilla.

The results illustrate that the functional and cosmetic outcomes are highly dependent
on the location and extent of the tumor or trauma. Local tumor progression of our patient
required the resection of the complete clavicle, scapula, and the first three ribs. The
upper arm had to be excluded from the flap to accomplish tumor free margins, permitting
the previously published surgical approach that incorporates the elbow joint into the
flap [17,18].

Thus, our surgical options were limited to the utilization of the forearm and the
hand, as the osteomusculocutaneous free flap for the reconstruction of the thoracic wall
and shoulder. Therefore, we decided to use a new surgical approach—by connecting the
radius to the sternum, we were able to utilize the flexed wrist instead of the elbow joint
to imitate the natural shoulder contour (Table 2). Short-term follow-up of the patient
revealed limited appearance of the shoulder silhouette; however, sufficient protection
of the thoracic organs through the osseous framework of the flap, and good anatomical
conditions for attachment of a socket prosthesis. Consequently, we present a third subgroup
of osteomusculocutaneous fillet flaps for reconstruction with “spare-parts” after FQA that
incorporates the bones of the forearm, wrist, and metacarpus. Unfortunately, we cannot
provide long-term results using this technique due to the rapid development of metastatic
disease, resulting in the patient’s death three months after surgery.

Common complications following extremity amputation are the occurrence of phan-
tom limb pain and the development of neuromas [11]. The prevalence of phantom limb
pain ranges between 45 and 85%, and typically displays two peaks in its incidence: one
month and one year after amputation [46,47]. The concept of TMR was initially developed
to enable advanced control of myoelectric prostheses, but has also shown to significantly
reduce phantom pain and neuroma formation after limb amputation [13,47]. To exploit
these features, we connected the trunks of the brachial plexus to the forearm nerves in
the fillet flap. The epineural end-to-end coaptation required only a little extra time due to
the large caliber of the peripheral nerves and was completed within 35 min. The patient
did not develop any phantom limb or neuroma pain during the follow-up period. These
findings provide new data on the feasibility and possible functional improvement of phan-
tom pain management in patients who undergo fillet flap reconstruction after FQA. While
the validity of our results is significantly limited due to the short observation period and
single-case experience, previous studies have demonstrated the high effectiveness of TMR
when performed as a preemptive measure, as well as when used as a treatment option for
patients with postamputation pain [48–51]. Indeed, Mioton and colleagues demonstrated
significant improvements of residual limb and phantom limb pain parameters in 33 patients
with major limb amputations due to TMR one year after treatment [49]. Moreover, in a
recent prospective randomized clinical trial, TMR was shown to reduce chronic pain in
amputees when compared with the gold standard (excision and muscle burying) [48].
Similar results were shown by Valerio et al. when implementing TMR as a preemptive
measure to reduce chronic postamputation pain [50]. In their multi-institutional cohort
study, the authors demonstrated that patients who underwent TMR had less phantom
and residual limb pain when compared with untreated amputee controls. This effect was
shown across all subgroups. Considering these previous findings and also the outcome of
our presented case, a high benefit to cost ratio of TMR along with fillet-flap reconstruction
after FQA seems highly likely.

In the majority of reports, including our own case, tumor infiltration of the shoulder
girdle or chest wall was the indication for FQA. Using the “spare-parts” of an extremity that
was impaired by local cancerous progression asks the question of whether this procedure
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is a safe oncological approach. In this context, the fillet flap technique uses the identical
principle of the resection–replantation technique reported by Windhager et al. [52]. The
authors resected the tumor-bearing area of the upper extremity and replanted the distal
part of the arm to the proximal stump. None of the 12 patients developed a local recurrence
within the follow-up period. Furthermore, a different study by Ver Halen et al. described
27 soft tissue fillet flaps from the upper and lower extremity after soft tissue malignancies;
none of the patients developed cancer recurrence within the flap itself, supporting the
thesis that the fillet flap technique is oncologically safe [29].

However, in cases where FQA may be prevented or primary wound closure is possible,
the overall prognosis of this special patient group must be taken into account, in particular
when considering osteomusculocutaneous fillet flap reconstruction after FQA due to sar-
coma. Even if primary tumor resection is successful, the disease-free five year survival of
sarcoma patients requiring FQA is below 30% [53]. While Steinau et al. advocated that the
use of osteomusculocutaneous fillet flaps even applies to a palliative reconstruction, the
apparent limitations of ultra-radical interdisciplinary oncological surgery, albeit technically
feasible, have to be critically reflected [2,25]. This holds true, in particular, when consid-
ering previously reported long-term impairment of respiratory function and of quality of
life in patients with chest wall resection, as well as the significantly increased depressive
symptoms of family members that often need to be consulted in the course of the intensive
care treatment of critically ill patients [25,54,55].

Therefore, we advocate that the indication for FQA has to be individually considered
and carefully evaluated with each patient after case discussion in a specialized interdis-
ciplinary tumor board (if applicable, i.e., if FQA is considered to treat an underlying
malignancy). However, if this process concludes that FQA is the best treatment option,
radical tumor resections and subsequent osteomusculocutaneous fillet flap reconstruction,
including TMR (when manageable in limited additional operating time), should be the first
choice of surgical treatment.

5. Conclusions

In case of FQA and the need for free flap reconstruction, we consider the osteomus-
culocutaneous free fillet flap as the first choice. It enables the reconstruction of the chest
wall integrity, provides support for a prosthesis socket, and improves the appearance of
the shoulder contour. When using this technique, the remaining anatomical structures of
the thorax, the vascular supply, and the distal resection margin of the amputated upper
extremity are crucial components that have to be considered when the overall design of
the flap is determined. If the inclusion of the elbow joint into the flap is not possible due
to local tumor expansion or trauma, we recommend the use of the forearm and hand, as
described. In general, we advocate for the additional implementation of TMR, as it can be
performed quickly and is likely to reduce the occurrence of phantom limb and neuroma
pain. However, the reviewed case series, as well as our own experience, emphasize that
patients require careful evaluation of the benefit of FQA, as well as an individual solution
for reconstructive surgery if the procedure is deemed to be the best possible option.
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Abstract: Background: Vascular patency is the key element for high flap survival rates. The purpose
of this study was to assess and compare the blood flow characteristics of deep inferior epigastric
perforator (DIEP) and muscle-sparing transverse rectus abdominis musculocutaneous (ms-TRAM)
flaps for autologous breast reconstruction. Methods: This prospective clinical study combined Transit-
Time Flowmetry and microvascular Indocyanine Green Angiography for the measurement of blood
flow volume, vascular resistance, and intrinsic transit time. Results: Twenty female patients (mean
age, 52 years) received 24 free flaps (14 DIEP and 10 ms-TRAM flaps). The mean arterial blood flow
of the flap in situ was 7.2 ± 1.9 mL/min in DIEP flaps and 11.5 ± 4.8 mL/min in ms-TRAM flaps
(p < 0.05). After anastomosis, the mean arterial blood flow was 9.7 ± 5.6 mL/min in DIEP flaps
and 13.5 ± 4.2 mL/min in ms-TRAM flaps (p = 0.07). The arterial vascular resistance of DIEP flaps
was significantly higher than that of ms-TRAM flaps. The intrinsic transit time of DIEP flaps was
52 ± 18 s, and that of ms-TRAM flaps was 33 ± 11 s (p < 0.05). The flap survival rate was 100%.
One DIEP flap with the highest intrinsic transit time (77 s) required surgical revision due to arterial
thrombosis. Conclusion: In this study, we established the blood flow characteristics of free DIEP and
ms-TRAM flaps showing different blood flow rates, vascular resistances, and intrinsic transit times.
These standard values will help to determine the predictive values for vascular compromise, hence
improving the safety of autologous breast reconstruction procedures.

Keywords: microsurgery; flap imaging; perforator flaps; autologous breast reconstruction; free tissue
transfer; indocyanine green angiography; transit-time flowmetry

1. Introduction

Nowadays, abdominal tissue as the main source for breast reconstruction is prefer-
ably harvested either as a complete muscle-preserving deep inferior epigastric perforator
(DIEP) flap or as a muscle-sparing transverse rectus abdominis musculocutaneous (ms-
TRAM) flap [1,2]. The ability to reconstruct the female breast in a like-with-like fashion
with low donor site morbidity has led to its widespread use [3]. Some of the latest tissue
engineering and regenerative medicine methods aiming to overcome donor site sequelae
are promising but not yet clinically feasible [4,5]. Although both DIEP and ms-TRAM
flaps have overall low complication rates, partial flap necrosis and total flap loss due to
vascular compromise remain imminent postoperative risks [6]. Sufficient vascular perfu-
sion remains a key aspect for the overall outcome and flap survival. In the last few years,
numerous clinical studies assessed the intra- and postoperative perfusion of free flaps
using different technologies [7–14]. However, several studies aiming to understand the
hemodynamics of free flaps showed methodological flaws such as a heterogeneous study
population, small sample sizes of the included flap types in terms of tissue composition,

95



J. Pers. Med. 2022, 12, 482

the sole assessment of arterial flow characteristics, or the use of nowadays outdated tech-
nologies [15–19]. This study measures and compares intraoperative arterial and venous
blood flow and perfusion characteristics of DIEP and ms-TRAM flaps for breast recon-
struction combining Transit-Time Flowmetry (TTFM) and Indocyanine Green Angiography
at a microscopic level (mICG-A). TTFM, an ultrasound-based technology for the assess-
ment of vascular blood flow, was originally introduced into clinical practice for cardiac
surgery [20,21]. Validation studies showed highly accurate and reproducible measurements
which enabled its extension towards other surgical specialties such as vascular surgery and
microsurgery [22–24]. The intravenous application of Indocyanine Green in combination
with microscope-integrated fluorescence-based video angiography (IR800) and the analysis
tool FLOW800 (Carl Zeiss, Oberkochen, Germany) enables the recording, measurement,
and assessment of the microvascular patency and blood flow characteristics of vessels just a
few millimeters in diameter [25,26]. The assembly of these two state-of-the art technologies
is considered a novel approach. We believe that an advanced understanding of their hemo-
dynamic properties will improve the safety of the two most commonly used free flaps for
autologous breast reconstruction. This study further aimed to establish normative blood
flow and perfusion values as groundwork for the determination of predictive values for
postoperative thrombotic events.

2. Materials and Methods

Patients receiving DIEP or ms-TRAM flaps for breast reconstruction were enrolled
in this prospective mono-centered clinical study. The study was approved by the Ethical
Committee in accordance with the Declaration of Helsinki. Prior to study inclusion, written
consent was given by each patient.

2.1. Surgical Technique

Autologous breast reconstructions were performed by three experienced surgeons.
All patients received a standardized computed tomography angiography (CTA) of the
abdomen for perforator mapping prior to surgery. Depending on the anatomy of the
selected perforators (size, course, and number), the patients included in this study received
DIEP or ms-TRAM free flaps for autologous breast reconstruction. Our postoperative
anticoagulation regimen usually consists of low-molecular-weight heparin application
subcutaneously until full mobilization is achieved. If contraindications for low-molecular-
weight heparin exist, patients usually receive weight-adjusted unfractionated heparin.
Patients suffering from hyperthyroidism, thyroid adenoma or autonomy, and known aller-
gies/hypersensitivity to Indocyanine green or sodium iodide were excluded. The patient
body temperature was kept stable by using a warming mattress (37 ◦C) and maintaining
the ambient temperature between 20 ◦C and 22 ◦C. All patients received a balanced intraop-
erative crystalloid volume substitution of, on average, 53 mL/kg (mean: 3780 ± 1710 mL)
in order to maintain stable hemodynamic conditions. The average intraoperative blood
loss was 140 ± 100 mL. The internal mammary artery (IMA) and vein (IMV) were used
as recipient vessels in all cases. Each flap was harvested in a standardized fashion with
the inferior epigastric artery and the inferior epigastric vein as vascular pedicle dissected
towards their origin at the external iliac artery and vein. Each vascular pedicle consisted of
one artery and one vein. DIEP and ms-TRAM flaps with more than one venous anastomosis
were excluded from this study. All arterial and venous anastomoses were performed end
to end. Arterial anastomoses were hand-sewn with interrupted nylon sutures, whereas
all venous anastomoses were performed using a venous coupler device (Synovis Micro
Companies Alliance, Inc., Birmingham, AL, USA).

2.2. Transit-Time Flow Measurement (TTFM)

MiraQ™ Vascular (Medistim ASA, Oslo, Norway) was used for intraoperative blood
flow measurements. The probe diameter ranged from 1.5 to 4 mm depending on the vessel
size. Blood flow values were recorded for several minutes until a steady curve of blood

96



J. Pers. Med. 2022, 12, 482

flow occurred (Figure 1). Arterial and venous blood flow volume measurements were
performed at three predefined time points during surgery:

- Measurement F was taken after flap elevation and isolation on its vascular pedicle
prior to free flap transfer

- Measurement R was performed at the recipient vessel prior to anastomosis.
- Measurement AA was taken at the vascular pedicle after anastomosis and flap

reperfusion.

Figure 1. Transit-Time Flow Volume Measurement (TTFM) showing a flow volume of 10 mL/min
with an Acoustic Coupling Index (ACI) of 73% using a 2 mm probe.

The mean arterial pressure was measured and documented at each measurement
time point.

2.3. Microvascular Indocyanine Green Angiography (mICG-A)

In this clinical study, Indocyanine Green (ICG) was administered as an intravenous
bolus (3 mL VERDYE 5 mg/mL) after arterial and venous anastomosis and flap reperfusion.
The anastomosed flap pedicle was placed below the microscope (KINEVO 900, Carl Zeiss,
Oberkochen, Germany). Recordings of the supplying artery and draining vein started
immediately after intravenous ICG application and were continued until the intensity of
the ICG markedly decreased in the artery and vein. Intraoperative fluorescence analysis
requires the selection of certain regions of interest (ROI). Two ROIs were placed at the
flap pedicle, one at the supplying artery, and the other at the draining vein close to the
anastomosis, uncovered from any surrounding tissue (Figure 2). FLOW800 measures
the intensity of ICG in the regions of interest for a time period and enables the instant
visualization of blood flow variations within small vessels. The time between the maximum
ICG intensity of arterial inflow and venous outflow is defined as Intrinsic Transit Time (ITT),
which is considered as a parameter of blood flow velocity within the flap (Figure 2) [27].
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Figure 2. (A) Microvascular Indocyanine Green Angiography (mICG-A) flow curves in two selected
regions of interest (ROI) (green curve: arterial flow, blue curve: venous flow). The spikes are
artefacts caused by respiratory movements. (B) Delay Map obtained with FLOW800 illustrating
both ROIs (green ROI placed at the artery, blue ROI placed at the vein) and picturing the two flow
curves. (C) Gray-scale map of fluorescence intensity (Intensity Map) illustrating both artery and vein
after anastomosis.

2.4. Vascular Resistance

Arterial vascular Resistance (aVR) was calculated as millimeters of mercury per
milliliter per minute (mmHg/mL/min) based on a previously reported method in ad-
herence to the Poiseuille’s Law, using the following formula: [28,29]

R = ∆P/Q

R = aVR = arterial vascular resistance, ∆P = blood pressure gradient = mean arterial
blood pressure (MAP)–mean venous blood pressure (MVP). The mean venous blood
pressure (MVP) is estimated to be close to 0 and, as a result, disregarded in the calculation
of vascular resistances. This results in the following formula: [28–31]

aVR = MAP/aBF
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2.5. Data Analysis and Synthesis

Descriptive analysis was performed for patient demographics. Data are shown as
mean ± standard deviation. Changes in blood flow and vascular resistance between the
different time points within one group were calculated using the paired Student’s t-test.
Blood flow and vascular resistance between DIEP and ms-TRAM flaps at different time
points was analyzed using an unpaired Student’s t-test. Nonparametric data were analyzed
with the Wilcoxon matched-pairs rank test within one group, whereas the Mann–Whitney
U test was used for analyses of nonparametric data between DIEP and ms-TRAM flaps.
The correlation of data assuming Gaussian distribution was calculated using the Pearson
correlation coefficient. The Spearman’s rank correlation coefficient was used for data not
passing a test for normality. The significance level was set at p < 0.05. Three outliers (one
arterial and two venous blood flow values at the recipient site (Measurement R) before
anastomosis) were identified using the ROUT method (Q = 1%) and appropriately excluded
from statistical analysis. Statistical analyses and graphic illustrations were performed using
GraphPad Prism (GraphPad Software, Inc., San Diego, CA, USA).

3. Results

A total of 20 female patients receiving 24 DIEP or ms-TRAM flaps for breast reconstruc-
tion were included in this prospective study. Patients’ average age was 52 years, ranging
from 39 to 68 years. Fourteen flaps were harvested as DIEP (57%), and 10 as ms-TRAM
(43%). Seven ms-TRAM flaps were classified as ms1-TRAM flap, and three as ms2-TRAM
flap, according to the classification by Nahabedian et al. (Table 1) [32]. The median flap
weight was 435 g, ranging from 299 to 1169 g. The median weight of DIEP flaps (390 g) was
not significantly different from that of ms-TRAM flaps (491 g). The average flap ischemia
time was 46 min. The venous coupler size ranged from 2.5 to 3.5 mm.

3.1. Blood Flow Volume (mL/min)

The average blood flow of the flap artery isolated as pedicle prior to free tissue transfer
(F) was 9 ± 4 mL/min (mean ± SD). Its venous outflow was lower (7.5 ± 3.5 mL/min),
resulting in an artery-to-vein (A/V) flow ratio of 1.4 ± 0.7. The mean blood flow of the
recipient internal mammary artery and vein prior to flap anastomosis (R) was 16.9 ± 6.3
and 9.4 ± 8 mL/min, respectively. After anastomosis (AA), the arterial and venous blood
flow volume was 11.3 ± 5.3 and 7.4 ± 4.1 mL/min, respectively, with an A/V flow ratio of
1.8 ± 1.3. The arterial blood flow of the intact recipient artery (R) significantly decreased
after anastomosis with the flap artery (AA) (p = 0.002). However, the arterial and venous
blood flow of the included flaps did not significantly change after flap transfer. (Figure 3)
The blood flow of the intact recipient artery (R) did not alter the blood flow of the flaps
after anastomosis. There was a significant positive correlation between the arterial inflow
and the venous outflow both before (F) and after anastomosis (AA) (p < 0.05). The arterial
and venous blood flow rates before and after anastomosis in DIEP flaps were lower than in
ms-TRAM flaps (Table 2). There was no correlation between the arterial blood flow volume
and the flap weight. The flap ischemia time did not change the blood flow rates of the
examined flaps.

3.2. Vascular Resistance (mmHg/mL/min)

The mean arterial vascular resistance (aVR) of the included flaps prior to tissue
transfer (10 ± 4.2 mmHg/mL/min) did not significantly change after anastomosis
(9.2 ± 5.2 mmHg/mL/min). The vascular resistance of the recipient artery, however, sig-
nificantly increased from 5.4 ± 2.6 to 9.2 ± 5.2 mmHg/mL/min after anastomosis to the
flap (p < 0.001). The average arterial vascular resistance (aVR) of DIEP flaps prior to (F)
and after flap transfer (AA) was 12 ± 3.8 and 11.2 ± 5.8 mmHg/mL/min, respectively. By
contrast, ms-TRAM flaps had significantly lower arterial vascular resistance values prior to
(7.2 ± 3 mmHg/mL/min; p = 0.004) and after flap reperfusion (6.5 ± 2.3 mmHg/mL/min;
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p = 0.02) (Figure 4 and Table 3). There was no correlation between the arterial vascular
resistance and the weight of the included flaps before or after flap transfer.

Table 1. Characteristics of the included patients. Abbreviations: DIEP: deep inferior epigastric
perforator; ms-TRAM: muscle-sparing transverse rectus abdominis musculocutaneous.

Patient Number
Age Type of Flap Flap Weight Ischemia Time Intrinsic Transit

Time
Hemodynamic
Postoperative
Complications(Years) (g) (min) (s)

1 46 DIEP 459 70 37 -

2 55
ms-TRAM 340 49 46 -

DIEP 314 53 36 -

3 57 DIEP 1036 45 27 -

4 46 ms-TRAM 344 46 50 -

5 39 ms-TRAM 1169 35 22 -

6 62 DIEP 309 37 60 -

7 49
DIEP 370 56 14 -

ms-TRAM 310 64 25 -

8 47 DIEP 514 42 76 -

9 57 ms-TRAM 328 56 30 -

10 55 DIEP 591 54 59 -

11 51 DIEP 352 50 77 Arterial Thrombosis

12 55
ms-TRAM 464 42 28 -

ms-TRAM 517 32 27 -

13 44 DIEP 365 44 72 -

14 56 DIEP 310 48 48 -

15 49 DIEP 688 44 63 -

16 43 DIEP 299 41 51 -

17 64
ms-TRAM 691 41 20 -

ms-TRAM 810 40 44 -

18 68 DIEP 713 43 57 -

19 42 ms-TRAM 631 38 39 -

20 51 DIEP 410 42 52 -

Figure 3. Arterial and venous blood flows (mL/min) at three predefined time points (F, R, AA). The
bars represent means ± standard error (* indicates significant differences).
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Table 2. Comparison of the Blood flow (mL/min) of the Flap Pedicle in situ (F), of the Recipient
Artery (R), and After Anastomosis (AA).

Flow in mL/in (Mean ± SD) p-Value

Flap Pedicle In Situ (F) Recipient Vessel (R) After Anastomosis (AA)

Type of
Flap

No. of
Flaps Artery Vein Ratio

A/V Artery Vein Artery Vein Ratio
A/V

Artery
vs. Vein F vs. AA R vs.

AA

All 24 9 ± 4 7.5 ± 3.5 1.4 ± 0.7 16.9 ±
6.3 9.4 ± 8 11.3 ±

5.3 7.4 ± 4.1 1.8 ± 1.3
0.07 (F);
0.0001
(AA)

0.1 (A);
0.9 (V)

0.002 (A);
0.4 (V)

DIEP 14 7.2 ± 1.9 7 ± 2.6 1.1 ± 0.3 16.7 ±
6.7 8.9 ± 7.2 9.7 ± 5.6 6.1 ± 3.6 1.9 ± 1.6

0.5 (F);
0.002
(AA)

0.2 (A);
0.5 (V)

0.01 (A);
0.2 (V)

ms-
TRAM 10 11.5 ±

4.8 8.2 ± 4.5 1.8 ± 1 17.2 ±
6.1 9.9 ± 9.2 13.5 ±

4.2 9.2 ± 4.3 1.7 ± 0.8
0.04 (F);

0.02
(AA)

0.1 (A);
0.5 (V)

0.1 (A);
0.9 (V)

p-value (DIEP vs.
ms-TRAM) 0.02 0.5 0.06 0.85 0.96 0.07 0.04 0.8

Bold numbers indicate significant differences.

Figure 4. Arterial Vascular Resistance (aVR) at three predefined time points (F, R, AA). The bars
represent means ± standard error (* indicates significant differences).

Table 3. Comparison of Arterial Vascular Resistances (mmHg/mL/min) of the flap pedicle in situ
(F), of the Recipient Artery (R) and After Anastomosis (AA).

Arterial Vascular Resistance (aVR) in mmHg/mL/min (Mean ± SD) p-Value

Type of Flap Flap Artery (FA) Recipient Artery (RA) After Anastomosis
(AA) FA vs. AA RA vs. AA

All 10 ± 4.2 5.4 ± 2.6 9.2 ± 5.2 0.5 0.0002
DIEP 12 ± 3.8 5.8 ± 2.9 11.2 ± 5.8 0.7 0.005

ms-TRAM 7.2 ± 3 4.8 ± 2.2 6.5 ± 2.3 0.5 0.02

p-value (DIEP vs.
ms-TRAM) 0.004 0.4 0.02

The bold numbers indicate significant differences.

3.3. Intrinsic Transit Time

The mean Intrinsic Transit Time (ITT) after flap reperfusion was 44 ± 18 s (s), ranging
from 14 to 77 s. The average ITT of DIEP flaps (52 ± 18 s) was significantly higher than
the average ITT of ms-TRAM flaps (33 ± 11 s) (p = 0.005). The average vascular resistance
at the time of ITT measurements was 9 ± 4.7 mmHg/mL/min. There was a significant
negative correlation between the arterial blood flow and the ITT after anastomosis (p = 0.001)
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(Figure 5). By contrast, a significant positive correlation was seen between the arterial
vascular resistance (aVR) and the ITT after anastomosis (p = 0.0006) (Figure 6). There
was no correlation between the ITT and flap ischemia time, flap weight, or mean arterial
pressure (MAP).

Figure 5. Arterial blood flow (mL/min) versus Intrinsic Transit Time (ITT, seconds); y = −0.182x + 19.33;
p = 0.001; r2 = 0.3875; red dots = DIEP flaps; blue dots = ms-TRAM flaps.

Figure 6. Arterial Vascular Resistance (aVR, mmHg/mL/min) versus Intrinsic Transit Time (ITT,
seconds); y = 0.1744x + 1.308; p = 0.0006; r2 = 0.4196; red dots = DIEP flaps; blue dots = ms-TRAM flaps.

Of all included free flaps, one DIEP flap required surgical revision due to a thrombotic
event occurring on the fourth day after autologous breast reconstruction. The ITT of this
flap was 77 s. After emergency thrombectomy, no further complication occurred. The
overall flap survival rate was 100%.

4. Discussion

Numerous recently developed technologies enable the illustration and measurement
of vascularity and perfusion in free flaps at a pre-, intra, or postoperative stage, with the
ultimate goal to increase their safety and efficacy [7,11,12,18,33–36]. The combination of Transit-
Time Flowmetry (TTFM) and microvascular Indocyanine Green Angiography (mICG-A) is
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considered a unique approach aiming to meticulously evaluate and compare the intraoperative
blood flow characteristics of DIEP and ms-TRAM flaps. A recent study successfully established
this combination for the detection of early venous congestion in an animal flap model [37].
However, no study so far assessed the combined potential of these techniques in a clinical
setting for autologous breast reconstructions. Our results show that the overall arterial blood
flow of both DIEP and ms-TRAM flaps did not significantly increase after anastomosis with
the recipient internal mammary vessel. The blood flow of the intact recipient artery did not
influence the arterial blood flow of the included flaps. In fact, it seemed to be the opposite. In
this study, both DIEP and ms-TRAM flaps downregulated the recipient artery flow towards
blood flow values of the in situ flap prior to tissue transfer. These observations are supported by
other studies showing that the flow of the recipient artery can either be down- or upregulated
after flap anastomosis, approximating blood flow values of the flap isolated on its pedicle before
tissue transfer [19,38–40]. Lorenzetti et al. measured the blood flow of the thoracodorsal artery
before and after anastomosis with ms-TRAM flaps and reported an upregulation of the recipient
artery. Before anastomosis, the thoracodorsal artery had relatively low blood flow values
(4.9 ± 3 mL/min) in situ. However, after anastomosis with the ms-TRAM flap, the blood flow
increased (13.7 ± 5 mL/min) towards the original blood flow rate of the isolated flap pedicle
in situ before tissue transfer [38]. This phenomenon was observed not only in fasciocutaneous
but also in musculocutaneous and muscle free flaps and therefore seems to be irrespective
of the tissue composition [40]. Previous studies reported generally different blood flow rates
and vascular resistances in fasciocutaneous, musculocutaneous, muscle, and intraperitoneal
flaps [31,38]. These findings support the notion that both blood flow and vascular resistance
depend on the type of tissue and its relative proportion. The tissue composition determines
the vascularity of each flap, which at the same time, reflects the vascular resistance. Free flaps
mainly composed of muscle tissue contain a rich vascular network connected by resistance
vessels, resulting in a lower vascular resistance than fasciocutaneous flaps with a rather sparse
network of much smaller vessels [30,31]. In our study, ms-TRAM flaps had an average arterial
blood flow of 13.5 mL/min and a vascular resistance of 6.4 mmHg/mL/min after anastomosis.
By contrast, DIEP flaps showed significantly lower blood flow values and consequently a
higher vascular resistance. Although both flaps were, apart from a small segment of the rectus
abdominis muscle in ms-TRAM flaps, grossly composed of the same tissue, the difference in
vascular resistance seemed to be a matter of vascularity. We theorize that a larger number
of perforators in ms-TRAM flaps was the main reason for a lower vascular resistance, hence
providing a higher overall and weight-adjusted arterial blood flow in comparison to DIEP flaps.
The overall arterial inflow of the included flaps was about 1.4 to 1.8 times greater than the
venous outflow. Selber et al. reported similar results in ms-TRAM and other fasciocutaneous
flaps [41]. We theorize that the peripheral leakage of small blood vessels at the flap edges
caused the disparity between arterial inflow and venous outflow. An A/V ratio of more than
1 seems to a certain level inevitable and needs to be considered by surgeons during free flap
flow measurements.

Microvascular Indocyanine Green Angiography (mICG-A) combined with the microscope-
integrated software FLOW800 provides valuable information on vascular patency and enables
the real-time visualization of arterial in- and venous outflow in free flaps [42–44]. It is a matter
of common pathophysiological knowledge that the alteration in blood flow, as part of the
Virchow’s triad, is a main contributor to thrombus formation in blood vessels [45,46]. Previous
studies have already theorized that a prolonged ITT might be an indicator of low blood flow
velocities, hence accounting for increased vascular resistances [27]. The combination of TTFM
with mICG-A enabled to measure and detect a positive correlation of ITT with vascular resis-
tance in free flaps. ITT, similar to blood flow, seems to depend on the flap tissue composition.
In our study, the DIEP flap, which was composed of fasciocutaneous tissue, had a significantly
higher average ITT (52 s) than the ms-TRAM flap (33 s), classified as musculocutaneous flap.
These observations are supported by a previous study measuring a shorter ITT in muscle flaps
(27.7 s) than in fasciocutaneous flaps (47.5 s) [26]. Holm et al. reported that an ITT of more than
50 s was associated with an increased risk for vascular compromise and surgical revision in free
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tissue transfer procedures [27]. The study, however, showed essential methodological flaws
such as a heterogenous study population with varying free flap entities. In our study, eight
flaps surpassed the threshold of 50 s without any hemodynamic postoperative complication.
Only one DIEP flap with an ITT of 77 s required surgical revision due to a thrombotic event
several days after flap transplantation. Although this was the highest ITT of all included flaps,
the scarce occurrence of just a single hemodynamic complication several days after autologous
breast reconstruction did not allow drawing any correlation between a prolonged ITT and the
increased risk of postoperative hemodynamic complications. To the best of our knowledge, this
is the first study that measures, compares, and detects hemodynamic differences between DIEP
and ms-TRAM flaps. The clinical relevance of this study is the establishment of standard values
of intraoperative hemodynamic and perfusion properties of DIEP and ms-TRAM flaps. We
could detect significant differences in hemodynamics properties between DIEP and ms-TRAM
flaps. Flaps with abnormally high or low blood flow values, according to our newly established
standard hemodynamic characteristics, made a closer intraoperative assessment of anastomotic
patency necessary. We are aware that these techniques do not replace a clinical examination
but rather help to improve our intraoperative decision-making process. The results of this
study, however, do not provide any recommendation in terms of favoring one or the other
free flap type for autologous breast reconstruction. Historically, the choice between DIEP and
ms-TRAM flap has been a far more extensive topic that needs to take numerous other variables
into account. Our meticulous assessment of arterial and venous blood flow, arterial vascular
resistance, and ITT at crucial intraoperative time points enables the establishment of normative
values. This should help to assess vascular patency especially in cases where the surgeon or
devices such as a regular hand-held Doppler fail to detect a more subtle vascular compromise.

5. Conclusions

In this study, we evaluated the hemodynamic characteristics of free DIEP and ms-
TRAM flaps. The combination of Transit-Time Flowmetry and microvascular Indocyanine
Green Angiography enabled the qualitative and quantitative intraoperative assessment
of anastomotic patency. Our study serves as fundamental work for the determination of
predictive values for postoperative thrombotic events and of cut-off values that will ease
intraoperative decision making in the future.
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Abstract: Decellularized whole muscle constructs represent an ideal scaffold for muscle tissue engi-
neering means as they retain the network and proteins of the extracellular matrix of skeletal muscle
tissue. The presence of a vascular pedicle enables a more efficient perfusion-based decellularization
protocol and allows for subsequent recellularization and transplantation of the muscle construct
in vivo. The goal of this study was to create a baseline for transplantation of decellularized whole
muscle constructs by establishing an animal model for investigating a complete native muscle isolated
on its pedicle in terms of vascularization and functionality. The left medial gastrocnemius muscles
of 5 male Lewis rats were prepared and raised from their beds for in situ muscle stimulation. The
stimulation protocol included twitches, tetanic stimulation, fatigue testing, and stretching of the
muscles. Peak force, maximum rate of contraction and relaxation, time to maximum contraction and
relaxation, and maximum contraction and relaxation rate were determined. Afterwards, muscles were
explanted and transplanted heterotopically in syngeneic rats in an isolation chamber by microvascular
anastomosis. After 2 weeks, transplanted gastrocnemius muscles were exposed and stimulated again
followed by intravascular perfusion with a contrast agent for µCT analysis. Muscle constructs were
then paraffin embedded for immunohistological staining. Peak twitch and tetanic force values all
decreased significantly after muscle transplantation while fatigue index and passive stretch properties
did not differ between the two groups. Vascular analysis revealed retained perfused vessels most
of which were in a smaller radius range of up to 20 µm and 45 µm. In this study, a novel rat model
of heterotopic microvascular muscle transplantation in an isolation chamber was established. With
the assessment of in situ muscle contraction properties as well as vessel distribution after 2 weeks
of transplantation, this model serves as a base for future studies including the transplantation of
perfusion-decellularized muscle constructs.

Keywords: muscle transplantation; rat gastrocnemius; in situ stimulation; muscle contraction;
perfusion-decellularization
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1. Introduction

Tissue engineering of skeletal muscle holds great promise for the treatment of volu-
metric muscle loss. It can help to circumvent substantial donor site morbidity, resulting
from donor tissue transfer, including free autologous muscle flaps [1–3]. Common tissue
engineering approaches have attempted to create three-dimensional (3D) constructs by
combining scaffolds with stem cells and growth factors [3,4]. However, the production of
biocompatible and stable scaffolds can be time consuming and expensive and cell adher-
ence, invasion, and differentiation can be demanding in this synthetic 3D environment [5,6].

Decellularized extracellular matrix scaffolds have been a popular platform for re-
generating skeletal muscle, as they contain structural proteins and molecules of skeletal
muscle tissue, which is difficult to mimic by artificial means [6,7]. Established protocols
have mostly applied diffusion techniques on skeletal muscle so far, although perfusion-
decellularization through a vascular pedicle seems more beneficial by retaining the complex
3D architecture of the native tissue while effectively removing all cells [8]. The presence of
a vascular pedicle enables subsequent transplantation of the decellularized and possibly
recellularized construct in vivo.

Critical size defects necessitate volumetric tissue constructs for reconstruction, which
on the other hand depend on adequate blood supply for survival [9]. Thus, a functional
blood vessel network is a prerequisite for the growth of tissues and organs in vivo. The
arteriovenous (AV) loop model contains a vein graft anastomosed to an artery and a vein,
creating a loop that is transferred to an enclosed implantation chamber [10]. This creates an
isolated microenvironment, which is connected to the living organism only by means of
the vascular axis. Any disturbing influences from the surroundings are shielded off and
the tissue with its vascularization can be analyzed in the controlled environment.

Perfusion-decellularization of a whole muscle via its main vascular pedicle, subsequent
recellularization of the skeletal muscle matrix, and transplantation of the whole construct
in vivo have the potential to generate new functional muscle tissue. An isolation chamber
allows for analysis of the newly generated and vascularized tissue independent of external
factors similar to the AV-loop model. Prior to establishing such a model, baseline values con-
cerning vascularization and functionality of such transplanted muscle constructs are needed.

The principal contribution of this work is a novel in vivo animal model for investigat-
ing a transplanted complete native muscle isolated on its pedicle in terms of vascularization
and functionality.

2. Methods
2.1. Experimental Animals

Animal experiments were carried out following the German regulations for the care
of laboratory animals at all times. Experiments were approved by the local Animal Care
Committee (approval number RUF 55.2.2-2532.2-658-48).

Gastrocnemius muscles were taken from the left hindlimb of 5 male Lewis donor rats
(Charles River Laboratories, Sulzfeld, Germany) and transplanted into the left hindlimb of
5 syngenic recipient rats.

All animals were anesthetized during the surgical procedures through the admin-
istration of gaseous isoflurane (op-pharma, Burgdorf, Germany) at concentrations be-
tween 1.5–5% under spontaneous breathing. For analgesia, animals received intravenous
meloxicam (2 mg/kg) and butorphanol (1.5 mg/kg), whereas butorphanol was substituted
every 2 h.

2.2. Muscle Preparation

Donor animals were placed in the supine position on a heating plate. Dissection
through the adductor muscles of the left hind limb was carried out under aseptic conditions
until the medial gastrocnemius muscle was reached and freed from all muscular and tendon
attachments. All vessels branching off the muscle except for the popliteal artery and vein,
representing the main pedicle, were ligated. Popliteal vessels were tracked proximally up to
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their origin from the femoral vessels until the gastrocnemius muscle was solely attached in
situ via its vascular pedicle and the tibial nerve (Figure 1). The distal tendon was then tied
with a 4-0 Vicryl suture (Ethicon, Somerville, NJ, USA) and connected to a servomotor lever
arm (model 305C Dual-Mode Lever Arm System; Aurora Scientific Inc, Aurora, Ontario,
Canada), while the proximal tendon was fixed in a clamp on a self-constructed metal frame,
placed under the heating plate (Figure 2). After stimulation of the gastrocnemius, the rat
receiving the gastrocnemius muscle as a transplant was surgically prepared (see Section 2.4
for details).
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2.3. Muscle Stimulation

Prior to transplantation and perfusion, the gastrocnemius muscle was stimulated
via electrodes placed into the muscle close to where the tibial nerve enters the mus-
cle. A stimulation and recording system (150 A and 615A Dynamic Muscle Control and
High-Throughput Analysis software suite; Aurora Scientific Inc., Aurora, ON, Canada),
was used to stimulate the muscle after optimal length was determined as described by
Tamayo et al. [11]. For twitches, the muscle was stimulated every 3 s with 1 ms pulses
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for 10 repetitions. The maximum force (i.e., peak force), maximum rate of contraction and
relaxation, time to maximum contraction and relaxation, and maximum contraction and
relaxation rate were measured. This was followed by 80 Hz, 100 Hz, and 120 Hz tetanic
stimulation. Peak force, maximum contraction rate, and time to maximum contraction
were assessed. For fatigue testing, a 150 Hz burst of stimulation was applied to the muscle
every 3 s for 7.5 min. The fatigue index was determined as the ratio between the maximum
and minimum force difference and the maximum force. A break of at least 1 min was taken
between each measurement. For passive tension properties, the muscle was stretched to
110% of its original length in 1% steps. During each stretch, contractile forces to gain the
length of the muscle were measured.

2.4. Muscle Transplantation

After stimulation of the donor rat muscle, a second rat was prepared for surgery in the
supine position. The left hind limb was incised and the saphenous artery and superficial
inferior epigastric vein were dissected and prepared for vascular anastomosis.

The dissected gastrocnemius muscle was harvested from the donor animal by cut-
ting the femoral vessels. The muscle was flushed with heparine (50 I.U.) via the femoral
artery until a clear heparine solution came out of the femoral vein. The wet weight of the
muscle was determined. The donor rat was sacrificed and the gastrocnemius muscle was
transplanted into the recipient rat by anastomosing the femoral artery to the saphenous
artery and femoral vein to the superficial inferior epigastric vein (SIEV) with 11-0 inter-
rupted sutures (Figure 3). The patency of anastomoses was confirmed via the milking
patency test [12]. The revascularized muscle was placed into an isolation chamber made
out of polylactide via 3D printing by fused deposition modeling (FDM) using an Ulti-
mater 2+ (Ultimaker B.V., Utrecht, The Netherlands). The isolation chamber consisted
of two parts: one bottom part, which was sutured to the anterior muscle of the hind leg
(Figure 4A,C), and a lid that enclosed the transplanted muscle while avoiding squeezing
of the muscle (Figure 4B,D). Anastomoses were fixed with fibrin glue to avoid kinking of
the vessels. The skin was closed in 2 layers. Antibiotics (7.5 mg/kg enrofloxacin) were
administered perioperatively intravenously and continued subcutaneously for 5 days.
Animals received 10 mg/kg low molecular weight heparin and meloxicam (2 mg/kg)
subcutaneously for 5 days.
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2.5. Perfusion and Explantation of Constructs

After two weeks of implantation, rats were again anesthetized as described above
and placed in the supine position. The left hind limb was dissected and the isolation
chamber was opened to expose the transplanted gastrocnemius muscle (Figure 5A). The
muscles were taken out of the chamber and stimulation was carried out as described
above. After that, muscles were perfused with the contrast agent Microfil® as described
previously [13]. Briefly, laparotomy incision was performed and animals were perfused
by flushing the aorta with 150 mL of heparine solution and afterward with 20 mL yellow
Microfil® (MV-122) containing 2.5% of MV Curing Agent (both Flowtech, Carver, MA, USA)
(Figure 5B). Finally, the aorta and inferior vena cava were ligated, and the rats were placed
at 7 ◦C for 24 h. Constructs were explanted in toto and fixed in 3.5% formalin solution
overnight and placed in PBS solution for microtomography (µCT) analysis.

2.6. Micro-Computed Tomography

High-resolution µCT scans were performed using Skyscan 1172 with an 11-MP detector
and a tungsten tube at a voltage of 80 kV and a current of 100 mA (Skyscan B.V., Leuven,
Belgium) as described previously [14]. Briefly, after scanning at 180◦ with a rotation step of
0.25◦ and a resolution of 4.47 µm/voxel, the data were reconstructed with Radeon back
Transformation using the tomographic reconstruction software (NRecon Client and Server
1.7.42 with GPU support; Skyscan Leuven, Belgium) while adjusting the X/Y shift and
alignment during measurement. The visualization and vessel radius evaluation was carried
out by imaging software (Amira 2021.1; Thermo Fisher Scientific, Berlin, Germany).
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2.7. Immunohistochemical Analysis

After µCT analysis, constructs were processed for paraffin embedding. The feasibility
of histologic analysis after Microfil® perfusion has been demonstrated before [14–16].
Three-micrometer cross-sections were obtained from the middle of the gastrocnemius
muscles perpendicular to the main vascular axis with a microtome (Leica Microsystems,
Wetzlar, Germany). Hematoxylin and eosin (HE) were performed according to standard
protocols. For myosin heavy chain (MHC) staining, sections were blocked with 10% goat
serum (Vector Laboratories, Burlingame, CA, USA) and incubated with anti-fast myosin
skeletal heavy chain (MHC) antibody (ab91506, Abcam, Cambridge, UK) at a concentration
of 5 µg/mL overnight at 4 ◦C. After washing with TBS-T (1 mL Tween20 per 1 L of
100 mM Tris and NaCl in H2O, pH 7.4), Alexa Fluor 647 goat anti-rabbit IgG (H + L)
cross-adsorbed secondary antibody (A-21244) was used at a concentration of 4 µg/mL for
30 min at room temperature. Probes were counterstained with DAPI 1 µg/mL (diamidine-
phenylindole-dihydrochloride, Thermo Fisher Scientific Inc.) for 5 min. For visualizing
neuromuscular junctions, deparaffinized sections were stained with recombinant anti-
Synaptophysin antibody [YE269] (ab32127, Abcam) at a concentration of 0.5 µg/mL and
incubated overnight. Afterwards, sections were incubated with Alexa Fluor 488 anti-
rabbit (A11008, Thermofisher Scientific Inc.) at a concentration of 4 µg/mL for 30 min
followed by α-Bungarotoxin, Alexa Fluor 647 conjugated (B35450, Thermo Fisher Scientific
Inc., Waltham, MA, USA) for 1 h and counterstaining with DAPI as described above. For
macrophage detection, CD68 staining was performed with anti-CD68 antibody (BIO-RAD,
Hercules, CA, USA) in a dilution of 1:300 overnight on deparaffinized and blocked sections.
For enzymatic detection, an alkaline phosphate-labeled anti-mouse-antibody and Fast Red
TR/Naphthol AS (Sigma-Aldrich, Missouri, USA) were applied. Haemalaun was used
for counterstaining.

2.8. Vessel Quantification

Reconstructed two-dimensional cross-sections from µCT scans were exported as
256 grey value level images and used for segmentation of the vessels, as previously de-
scribed [14]. Additional shrink and grow image calculation operations were carried out to
ensure filled blood vessels for analysis to prevent misleading results from e.g., bubbles in
the Microfil®. Accumulated vessel lengths were calculated for each vessel radius starting
from 5 µm at histogram class widths of 10 µm. To exclude material that did not belong
to the muscle, the cut-off was set at 335 µm. This agrees with the maximum diameter of
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500–600 µm of the vascular pedicle of the gastrocnemius muscle. Values are summarized
for every radius range of 40 µm, e.g., 5–45 µm.

HE stained sections were used for vessel counting in ImageJ 1.53e (National Institutes
of Health, Bethesda, MD, USA). After setting a scale, the lumen of all vessels with a clearly
visible lumen or lumen filled with Microfil® was outlined using the freehand tool in the
ROI manager. The radius was calculated using the resulting area of the vessel lumen, and
the number of radius ranges of 20 µm, e.g., 0.1–20 µm, 20.1–40 µm was depicted.

2.9. Statistical Analysis

Data are expressed as the mean + standard deviation (SD). Data normality of force
values was verified by the Shapiro–Wilk test. Pairwise comparisons between muscles
before and after transplantation were carried out using paired t-test or Mann–Whitney
test, as appropriate. Statistical analysis was performed using GraphPad Prism version 8.3,
La Jolla, CA, USA. A p-value ≤ 0.05 was considered statistically significant.

3. Results
3.1. Surgery and Animals

All animals tolerated surgeries well. Weight properties of the involved rats and
muscles with the corresponding ischemia time are listed in Table 1.

Table 1. Animal data.

Rat Donor Rat Weight (g) Gastrocnemius Muscle Weight (g) Recipient Rat Weight (g) Ischemia Time (min)

1 285 1 410 120

2 240 0.87 440 100

3 260 0.94 400 85

4 290 1 370 90

5 320 1.03 410 90

Four out of 5 animals developed postoperative seroma, that were punctured once
(2 animals) or twice (2 animals) under sterile conditions. At the time of explantation after
2 weeks, all muscles were vital but had shrunken to approximately half their original size
(Figure 5A).

3.2. Muscle Function

Peak force after twitch decreased significantly by 95.5% 2 weeks after the gastrocne-
mius muscle was transplanted within the isolation chamber (p = 0.0041) (Figure 6). Time to
peak force, maximum contraction, and relaxation rate all decreased after transplantation
(p = 0.011, p = 0.0018, and p = 0.0042, respectively). Time to 50% and 100% relaxation did
not differ between the two groups (p = 0.0735 and p = 0.7621, respectively) (Figure 7). Peak
force and contraction rate after tetanic stimulation decreased after transplantation for all
frequencies (p = 0.0014 and p = 0.001, respectively, for 80 Hz, p = 0.0028 and p = 0.0003,
respectively, for 100 Hz, p = 0.0058 and p = 0.0035, respectively, for 120 Hz). Time to peak
force decreased at 80 Hz (p = 0.0115), 100 Hz (p = 0.0035), and 120 Hz (p < 0.0001). Detailed
values for twitch and tetanus are listed in Table 2.
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During fatigue testing, there was an obvious difference between pre and post trans-
plantation groups (Figure 7). Nevertheless, fatigue index was similar between the two
groups (p = 0.287). Passive stretch properties did not change after transplantation (Figure 8).
For each % increase in length from 100–110%, contractile forces needed to maintain the
respective length of the muscle did not differ between the two groups: 1% (p = 0.641), 2%
(p = 0.707), 3% (p = 0.878), 4% (p = 0.832), 5% (p = 0.708), 6% (p = 0.631), 7% (p = 0.550), 8%
(p = 0.437), 9% (p = 0.395), 10% (p = 0.323).
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Table 2. Force values before and after transplantation.

Pre Transplantation Post Transplantation

Peak twitch force (mN) 768.5 ± 266.6 34.7 ± 19.7 (**)

Time to peak twitch force (ms) 39.2 ± 6.0 28.1 ± 1.0 (*)

Time to 50% relaxation (twitch force) (ms) 22.5 ± 2.4 18.0 ± 3.7

Time to 100% relaxation (twitch force) (ms) 115.6 ± 8.3 124.5 ± 63.9

Maximum contraction rate (twitch) (N/s) 32.5 ± 8.6 1.9 ± 1.1 (**)

Maximum relaxation rate (twitch) (-N/s) 22.8 ± 7.5 1.4 ± 0.9 (**)

Maximum tetanic force (at 80 Hz) (mN) 2771 ± 772.7 28.6 ± 14.7 (**)

Maximum contraction rate (tetanus at 80 Hz) (N/s) 57.8 ± 14.7 1.0 ± 0.5 (**)

Time to peak force (tetanus at 80 Hz) (ms) 33.7 ± 7.1 19.6 ± 2.2 (*)

Maximum tetanic force (at 100 Hz) (mN) 2920 ± 981.9 32.1 ± 14.2 (**)

Maximum contraction rate (tetanus at 100 Hz) (N/s) 59.1 ± 10.5 1.1 ± 0.5 (***)

Time to peak force (tetanus at 100 Hz) (ms) 32.2 ± 4.6 19.7 ± 2.2 (**)

Maximum tetanic force (at 120 Hz) (mN) 2970 ± 1172 34.5 ± 13.4 (**)

Maximum contraction rate (tetanus at 120 Hz) 56.3 ± 19.7 1.2 ± 0.5 (**)

Time to peak force (tetanus at 120 Hz) (ms) 32.5 ± 2.8 19.6 ± 1.9 (***)

All values are mean ± SD; */**/*** indicate differences between muscles forces of gastrocnemius muscles pre and
post transplantation (paired t-test); * p < 0.05; ** p< 0.01; *** p < 0.001.
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3.3. Vessel Quantification

Three-dimensional (3D) µCT scans showed the cumulative lengths for different vessel
radius ranges (Table 3 and Figure 9). Vessels with smaller radii (measuring 5–45 µm and
55–95 µm) were the highest in number and cumulative length. The larger the radius of the
vessels the lower was the cumulative length.
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Table 3. Vessel distribution depicted from µCT analysis.

Vessel Radius (µm) Number of Vessels Cumulative Length (mm)

5–45 4168 ± 1110 595.4 ± 112.1

55–95 3007 ± 1858 266.2 ± 122.9

105–145 1017 ± 794.1 155.7 ± 111.2

155–195 444.2 ± 372.2 96.3 ± 88.1

205–245 243.2 ± 188.4 61.5 ± 51.5

255–295 157 ± 90.7 45.6 ± 33.5

305–335 68.8 ± 42.9 24.9 ± 16.8
All values are the mean ± SD.
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Figure 9. Exemplary 3D µCT scan of a gastrocnemius muscle perfused with contrast agent after
2 weeks of transplantation.

Vessel analysis of immunohistochemical sections revealed a similar trend (Table 4):
the smallest vessels, ranging from 0.1–20 µm, were the most prevalent while vessel ra-
dius ranges of 120.1–140 µm, 140.1–160 µm, and 240.1–260 µm were present in only
1 out of 5 muscles (rat 3 and rat 5, respectively).

3.4. Nerve-Muscle-Junction and Myogenic Marker Expression

MHC staining revealed irregularly arranged myofibrils in the transplanted mus-
cle constructs (Figure 10). Double staining for synaptophysin for nerve terminals and
α-Bungarotoxin for acetylcholine receptors showed some scattering of neuromuscular
junctions at the surface of the muscle near the epimysium (Figure 10). Synaptophysin
expression dominated clearly over acetylcholine receptors, which only appeared scarcely
at the muscle surface.
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Table 4. Vessel distribution depicted from immunohistochemical analysis.

Vessel Radius (µm) Number of Vessel Lumen

0.1–20 165.8 ± 109.5

20.1–40 17.4 ± 2.7

40.1–60 3.4 ± 1.5

60.1–80 1.8 ± 1.6

80.1–100 1.4 ± 0.9

100.1–120 0.4 ± 0.5

120.1–140 0.2 ± 0.4

140.1–160 0.2 ± 0.4

180.1–200 0.4 ± 0.5

220.1–240 0.4 ± 0.9

240.1–260 0.2 ± 0.4
All values are the mean ± SD.
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Figure 10. MHC staining (red) revealed irregularly arranged myofibrils in the transplanted muscle
constructs (top). Double staining for synaptophysin (green) for nerve terminals and α-Bungarotoxin
(red) for acetylcholine receptors showed neuromuscular junctions at the surface of the muscle near
the epimysium after 2 weeks of transplantation and denervation (bottom).

3.5. Myofiber Morphology and Macrophage Invasion

HE staining showed partly well-preserved structures as well as partly inhomogenous
and irregularly arrangement of the skeletal muscle similar to MHC staining (Figure 11).
CD68 staining revealed invasion of macrophages, especially near the vessels (Figure 12).
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4. Discussion

In the present study, a novel rat model of heterotopic muscle transplantation in an
isolation chamber was proposed. In situ muscle contraction properties before and af-
ter transplantation and denervation of the muscle were assessed. Furthermore, vessel
distribution after 2 weeks of transplantation was characterized with both µCT and im-
munohistochemical analysis.
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Perfusion-decellularization of skeletal muscle has been successfully applied to the
porcine rectus abdominis muscle [8]. Partial-thickness abdominal wall defects repaired
with decellularized muscle scaffolds showed a higher amount of neo muscle tissue and
neoangiogenesis compared to small intestinal submucosa, which showed the superiority of
native tissue extracellular matrix for replacing muscle tissue [8]. Conconi et al. have shown
the advantages of cell-seeded decellularized muscle matrices compared to matrices only,
which were replaced by fibrous tissue shortly after implantation. However, after 60 days
of implantation, even the cell–matrix constructs lost their full structural integrity, which
could be explained by a missing axial vascularization [17]. The integration of a vascular
axis results in prefabricated acellular matrices that can be transferred as flaps to repair
defects [18]. Similarly, the goal of the present study was to set up a model which can be
built on for whole muscle perfusion decellularization and subsequent recellularization
and/or in vivo transplantation. For this purpose, a suitable muscle had to be chosen. There
are various rodent models of muscle transplantation that have extensively described the
anatomy and vascular supply of pectoralis major [19], gracilis [20], and quadriceps femoris
muscles [21]. However, for the purposes of the present study, which is not solely a study
of muscle transplantation, the medial head of the gastrocnemius muscle was chosen due
to its single dominant vascular pedicle [22] and its spindle-like shape, which is beneficial
for functional characterization and decellularization in a bioreactor as demonstrated re-
cently [23]. In this study, gastrocnemius muscles were successfully perfusion-decellularized
with their proximal tendinous parts being clamped in a bioreactor chamber, which enabled
a continuous flow through the vascular system of the muscles while the muscles could be
dynamically stretched [23]. As shown by others, repetitive stretching prevents denervation-
induced muscle atrophy [24–26]. According to the aforementioned study, the mechanical
stimulation in the reactor chamber preserved the effective decellularization [23]. Thus, this
mechanism could be utilized for later recellularization of the constructs to preserve muscle
functions. To set up baseline values for functionality and vascularization of such a de- and
recellularized muscle construct, a native gastrocnemius muscle was transplanted within
the present study. For minimizing external factors that could influence the transplanted
muscle, e.g., extrinsic vascularization or fibrous tissue, an isolation chamber was designed
that enclosed the muscle during the period of implantation. To enable tension-free closure
of the wound, the size of the isolation chamber needed to be relatively small. This is also a
reason for choosing the medial head of the gastrocnemius muscle of a smaller donor rat
instead of a large muscle such as the quadriceps femoris muscle [21].

All force values decreased significantly after 2 weeks of transplantation. This finding is
consistent with in vivo experiments that involved denervation of muscle, leading to muscle
atrophy and a loss of isometric contraction force [27,28]. Microvascular flaps are denervated
when transferred unless nerve coaptation is performed [29]. The effect of nerve coaptation
(tibial nerve to a branch of the obturator nerve as described in the EPI-loop model [30])
would be the next step to analyze. Zhang et al. performed orthotopic transplantation of rat
gracilis muscle with transection of the obturator nerve and subsequent neurorrhaphy of the
nerve [31]. After 5–20 weeks after reinnervation, muscle function started to recover. Thus, it
can be assumed that nerve coaptation would not have led to significant functional recovery
in the present study where muscle transplantation was performed over a period of 2 weeks
for establishing this novel model. Zhang et al. did not perform vessel anastomosis, which
might have influenced the regeneration of nerve-muscle function. Cen et al. have shown
that denervation impairs ischemic recovery of rat hindlimbs via impaired perfusion, lower
capillary density, and narrower lumen of vessels, illustrating that angiogenesis depends on
an intact peripheral nervous system [32]. In the present study, two different modalities were
used to analyze vessel distribution. Both modalities showed that smaller vessels (0.1–20 µm
in immunostains and 5–45 µm in µCT scans) were prevalent in the muscle constructs. While
2D immunosections only allowed for illustration of a few large vessels, 3D reconstruction
of µCT scans enabled the quantification of cumulative lengths for different radius ranges.
On the other hand, immunosections revealed smaller vessels more reliably since those
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vessels that were not filled with Microfil® were also counted. The density of the capillary
network and capillary distribution is crucial for muscle oxygenation and function [33]. The
vast presence of capillaries as shown by immunosections and µCT implies that blood flow
through the vascular pedicle is sufficient for supplying the muscles in the present study, at
least at the current duration of denervation. Thus, a longer period of muscle implantation
with or without nerve coaptation and its impact on muscle transplant function would be
the logical next step of investigation.

Unfortunately, muscle weight could not be determined after transplantation as ex-
plantation of the muscle took place after perfusion. This prohibited the normalization of
peak force to muscle weight after transplantation. However, the significant decrease in
absolute force values of more than 90% after transplantation shows that transplantation and
denervation of the muscle lead to a loss of force, as would be expected. Fatigue index and
passive stretch values did not change after transplantation which indicates that muscles
remained vital after transplantation and did not develop a relevant amount of fibrosis after
a period of 2 weeks.

Synaptophysin, which is a glycoprotein in neurons and an essential component of
synaptic vesicles, has shown stable expression even after different periods of denervation
of gastrocnemius rat muscles [34] while postsynaptic acetylcholine receptors are known to
decline with increased duration of denervation [35]. Furthermore, denervated muscles have
shown disorganized and atrophic myofibers with inhomogenous HE staining [32]. Periph-
eral nerve injury, associated with Wallerian degeneration, is associated with inflammation
and macrophage invasion [36]. This feature is in conjunction with the results of immuno-
histochemical staining of the transplanted muscles in the present study. One limitation of
this study includes a missing reference muscle, which has not undergone transplantation,
during immunohistochemical analysis. However, the study design did not enable us to
collect additional native gastrocnemius muscles for formalin fixation since the muscles from
the contralateral legs of the sacrificed rats were used for decellularization experiments [23].
Another limitation is the sole method of immunohistochemistry for analyzing myogenic
markers and neuromuscular junctions. Evaluation of gene expression by PCR was not
possible because whole muscle constructs were fixed in formalin for µCT analysis and
paraffin embedding. The use of five animals in the present study is another limitation that
sometimes resulted in high standard deviations. However, it was possible to show obvious
differences in force values before and after muscle transplantation and to establish this
model of whole muscle transplantation as a preliminary step towards transplantation of
perfusion-decellularized muscle constructs as the purpose of the present study.

The previously mentioned shortcomings of this study, including missing nerve coap-
tion, short follow-up period, and missing control group, will determine the goals for future
studies, which will specifically evaluate the influence of motoric innervation and of an
extended time period of 6–12 weeks on the functional outcome and the vascularization of
the muscle constructs.

5. Conclusions

A novel model of successful whole muscle construct transplantation in an isolation
chamber was established. Force values were characterized for native and transplanted
muscles and vascularization was determined for transplanted muscles with both µCT and
immunohistochemical methods. The findings of this study serve as a base for transplan-
tation of perfusion-decellularized muscle constructs, but they can also serve as a base for
other models, e.g., transplantation of functional muscle constructs for replacing denervated
muscle tissue and analysis of their regeneration.
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Abstract: Introduction: Deep sternal wound infections (DSWI) after cardiac surgery pose a significant
challenge in reconstructive surgery. In this context, free flaps represent well-established options.
The objective of this study was to investigate the clinical outcome after free myocutaneous tensor
fasciae latae (TFL) flap reconstruction of sternal defects, with a special focus on surgical complications
and donor-site morbidity. Methods: A retrospective chart review focused on patient demographics,
operative details, and postoperative complications. Follow-up reexaminations included assessments
of the range of motion and muscle strength at the donor-site. Patients completed the Quality of
Life 36-item Short Form Health Survey (SF-36) as well as the Lower Extremity Functional Scale
(LEFS) questionnaire and evaluated aesthetic and functional outcomes on a 6-point Likert scale. The
Vancouver Scar Scale (VSS) and the Patient and Observer Scar Assessment Scales (POSAS) were used
to rate scar appearance. Results: A total of 46 patients (mean age: 67 ± 11 years) underwent sternal
defect reconstruction with free TFL flaps between January 2010 and March 2021. The mean defect
size was 194 ± 43 cm2. The mean operation time was 387 ± 120 min with a flap ischemia time of
63 ± 16 min. Acute microvascular complications due to flap pedicle thromboses occurred in three
patients (7%). All flaps could be salvaged without complete flap loss. Partial flap loss of the distal TFL
portion was observed in three patients (7%). All three patients required additional reconstruction with
pedicled or local flaps. Upon follow-up, the range of motion (hip joint extension/flexion (p = 0.73),
abduction/adduction (p = 0.29), and internal/external rotation (p = 0.07)) and muscle strength at the
donor-sites did not differ from the contralateral sides (p = 0.25). Patient assessments of aesthetic and
functional outcomes, as well as the median SF-36 (physical component summary (44, range of 33 to
57)) and LEFS (54, range if 35 to 65), showed good results with respect to patient comorbidities. The
median VSS (3, range of 2 to 7) and POSAS (24, range of 18 to 34) showed satisfactory scar quality
and scar appearance. Conclusion: The free TFL flap is a reliable, effective, and, therefore, valuable
option for the reconstruction of extensive sternal defects in critically ill patients suffering from DSWIs.
In addition, the TFL flap shows satisfactory functional and aesthetic results at the donor-site.

Keywords: sternal defect reconstruction; deep sternal wound infection; DSWI; reconstructive
microsurgery; free flap; tensor fasciae latae flap; TFL flap

1. Introduction

Deep sternal wound infection (DSWI) after cardiac surgery is a severe complication
that can result in devastating mortality rates between 10 and 47% [1,2]. Among these
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multimorbid patients, who often not only bear the burden of pre-existing coronary artery
disease (CAD), but also chronic obstructive pulmonary disease (COPD) and diabetes
mellitus (DM), reconstructive procedures are highly challenging [2]. The treatment of
DSWIs requires radical surgical debridement of soft and bony tissue and, eventually,
tension-free defect closure with well-perfused tissue [3]. For sternal defect reconstruction,
microsurgeons have a vast armamentarium of pedicled and free flaps at their disposal:
Common reconstructive options for sternal defect reconstruction are local flaps from the
chest, abdomen, or the back, such as the vertical rectus abdominis musculocutaneous
(VRAM) flap, the pectoralis major, and the latissimus dorsi (LD) flap [4,5]. When both
internal mammary arteries (IMAs) have been harvested for coronary-artery bypass grafts
(CABG) or after previous local flap failure, reconstruction can be difficult. This is partially
due to the fact that the arc of rotation of pedicled flaps is limited [5,6] and closure of
defects, which include the entirety of the sternum, can be critical, putting the most distal
part of the pedicled flap at risk of impaired perfusion [7,8]. To offer these multimorbid
patients the best possible care and optimal long-term outcomes, we are increasingly using
the free myocutaneous tensor fasciae latae (TFL) flap for extended deep sternal defect
reconstruction. With its voluminous muscle bulk and large skin paddle, it can be adapted
to large and multilayered wounds, making it ideal for complex sternal reconstruction [9,10].
Here, we report our one-decade single-center experience of 46 free TFL flaps for deep
sternal defect reconstruction following cardiac surgery. The study aimed at evaluating the
feasibility of this free flap for sternal reconstruction by analyzing operative data, surgical
complication rates, reconstructive outcomes, and donor-site morbidity.

2. Patients and Methods

The study has been performed in accordance with the guidelines and regulations of
the Declaration of Helsinki and has been approved by the local ethics committee (Mainz,
Germany, IRB approval reference number: 2021–15577). Retrospective clinical data were
collected from our institutional database of patients undergoing free flap reconstruction
from January 2010 until March 2021. A retrospective chart review for intraoperative details,
surgical and medical complications, length of hospitalization, as well as outcome and mor-
tality rates, was performed. The severity of DSWI was rated according to the El Oakley and
Wright classification from I to V [11]. The ASA (American Society of Anesthesiologists) clas-
sification system was used to assess the perioperative risk for each patient. Postoperative
surgical complications, which required additional surgical intervention, were considered
as major. The primary outcomes studied were “re-explorations” because of acute vascular
complications, such as pedicle thromboses, as well as flap necrosis, wound dehiscence,
hematoma, and infection. Partial flap necrosis was considered as necrosis affecting >5%
(maximum of 20%) of the flap surface area. In addition, any medical complications, such as
respiratory failure or death throughout the postoperative hospital stay, were evaluated.

2.1. Pre-, Intra-, and Postoperative Treatment

All free TFL flap operations were performed in a two-team approach for the donor- and
recipient-sites. Intraoperatively, 500 IU to 1500 IU (international units) of unfractionated
heparin were applied prior to releasing the flap anastomosis or 2000 IU to 3000 IU in case
of an arteriovenous loop (AVL). Intraoperative flap perfusion measurements were not
performed regularly. However, since January 2017, indocyanine green angiography (ICG)
has been performed occasionally, depending on the individual intraoperative decision of
the senior surgeon. Primary closure of the TFL donor-site was performed in two layers.
Closed suction drains were left in situ in all cases. No additional reconstruction of the fascia
was performed. Postoperatively, all patients received 30 mg enoxaparin twice a day over a
five-day period, followed by daily 40 mg doses for at least two weeks. Subsequently, the
therapy was continued until adequate mobilization of the patient was achieved All free
flaps were examined hourly by analyzing the capillary refill, skin temperature, and skin
color for five days in order to detect any perfusion alterations.
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2.2. Follow-Up

Follow-up was established from the date of surgery to the last outpatient visit at
our department at least 3 months after discharge. Follow-up examinations included
donor-site range of motion (ROM), with measurements in hip and knee joints, as well
as strength measurements of the thigh muscles. Results were analyzed and compared
to the contralateral healthy side. Muscle strength was assessed manually and scaled in
six grades (0 = complete paralysis, 1 = contraction palpable, 2 = active movement with
gravity eliminated, 3 = active movement against gravity, 4 = active movement against
resistance, 5 = normal power) [12]. Additionally, each patient completed the Quality of Life
36-item Short Form Health Survey (SF-36) and the Lower Extremity Functional Scale (LEFS)
questionnaire [13,14]. The subjective donor-site morbidity and satisfaction with the overall
aesthetic and functional results were analyzed using a self-reported non-standardized 6-
point Likert-questionnaire. Results were rated on a scale from 1 to 6 (1 = excellent, 6 = poor).
The Vancouver Scar Scale (VSS) and the Patient and Observer Scar Assessment Scales
(POSAS) were used to analyze scarring at the donor- and recipient-sites [15,16].

2.3. Statistical Analysis

Data were collected in excel sheets, and statistical analyses were performed using
GraphPad Prism 7.0 (GraphPad Software, Inc., San Diego, CA, USA). For descriptive
statistics of patients and flaps, the mean of continuous data accompanied by the standard
deviation and the median or mode with interquartile ranges for ordinal data were reported.
The paired two-sided Wilcoxon–Mann–Whitney-Test and the two-sided chi-square test
were computed to assess differences in categorical and dichotomous variables, respectively.
p-values of <0.05 were regarded statistically significant.

3. Results

Between January 2010 and March 2021, 46 patients underwent sternal defect recon-
struction with free TFL flaps. Patients included 17 women (37%) and 29 men (63%), with a
mean age of 67 ± 11 years (range: 38 to 85 years). Sternal osteomyelitis in all 46 patients was
confirmed upon microbiology, clinical presentation, histology, and computed tomography.
The defect etiologies were as follows: wound infection and sternum osteomyelitis after
CABG with use of the left internal mammary artery (LIMA, n = 35; 76%), CABG with
use of both IMAs (n = 1; 2%), valve replacement (VR, n = 5; 11%), or combined valve
replacement and LIMA-CABG (n = 5, 11%). The median ASA classification was 3 (range:
2 to 4). Demographic data of patients, individual risk factors, chronic conditions, the El
Oakley classification, as well as the results of microbiological examinations are summarized
in Table 1.

Table 1. Patient demographics and comorbidities, El Oakley and Wright classification, and microbio-
logical examination (SD = Standard Deviation).

Patient Demographics

Number of patients and flaps 46
Mean age (years) ± SD (range) 67 ± 11 (38 to 85)

Median ASA class (range) 3 (2 to 4)
Sex (female/male) 17/29

Comorbidities n (%)
Arterial hypertension (HTN) 44 (96%)

Coronary artery disease (CAD) 41 (89%)
Chronic heart failure (CHF) 27 (59%)

Chronic obstructive pulmonary disease (COPD) 20 (44%)
Chronic kidney disease (CKD) 25 (54%)

Diabetes mellitus (DM) 30 (65%)
Active smoker at time of surgery 13 (28%)
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Table 1. Cont.

Patient Demographics

BMI (Body Mass Index) (kg/m2) 29 ± 6
Obesity (BMI ≥ 30 kg/m2) 19 (41%)

El Oakley and Wright classification
I -
II -

IIIA 7 (15%)
IIIB 11 (24%)
IVA 2 (4%)
IVB -
V 26 (57%)

Microbiological examination of soft and bony tissue
Staphylococcus aureus 17 (37%)

Methicillin-resistant Staphylococcus aureus 6 (13%)
Staphylococcus epidermidis 14 (30%)

Enterococcus faecalis 10 (22%)
Escherichia coli 7 (15%)

Multiresistant Gram-negative bacteria 9 (20%)

A total of 16 patients (35%) underwent secondary reconstructions at our institution
following failed prior attempts. Of these, 11 patients (n = 11; 24%) had previously under-
gone unsuccessful bilateral pedicled pectoralis major flaps at the referring cardiosurgical
departments. Five patients, in detail, two VRAM and three bilateral pectoralis major
flaps, developed partial flap losses requiring further free flap surgery at our institution
(n = 5; 11%). These 16 patients underwent an average of 3 ± 2 debridements and negative
pressure wound therapy cycles prior to free flap surgery. The mean operation time (OT)
was 387 ± 120 min (range: 212 to 695 min), which included a mean flap ischemia time of
63 ± 16 min (range: 32 to 91 min). While the mean sternal defect size was 194 ± 43 cm2,
the mean skin paddle surface of the TFL flap was 205 ± 38 cm2, with a mean flap length of
24 ± 3 cm and a mean flap width of 8 ± 1 cm. Single-stage AVLs were necessary in 22 cases
to provide reliable recipient vessels (Figure 1). Operative characteristics are presented in
Table 2.

Table 2. Operative characteristics (cm = centimeter, cm2 = square-centimeter, min = minute,
RIMA = Right Internal Mammary Artery, OT = Operation Time).

Operative Characteristics

Mean sternal defect size [cm2] ± SD 194 ± 43 (128 to 297)
Mean sternal defect length [cm] ± SD 23 ± 3 (18 to 27)
Mean sternal defect width [cm] ± SD 8 ± 1 (7 to 11)

Mean length of flap ischemia [min] ± SD 63 ± 16 (32 to 91)
Mean skin paddle surface [cm2] ± SD 205 ± 38 (154 to 308)

Mean flap length [cm] ± SD 24 ± 3 (19 to 28)
Mean flap width [cm] ± SD 8 ± 1 (7 to 11)

Mean OT [min] ± SD (range) 387 ± 120 (212 to 695)
Recipient vessel situation

RIMA and concomitant vein 9 (20%)
RIMA and cephalic vein 15 (33%)

Cephalic vein-thoracoacromial artery arterio-venous loop 3 (7%)
Cephalic vein-subclavian artery arterio-venous loop 10 (22%)

Subclavian artery/vein arterio-venous loop using a greater
saphenous vein graft 9 (20%)

126



J. Pers. Med. 2022, 12, 427

J. Pers. Med. 2022, 12, x FOR PEER REVIEW 4 of 10 
 

 

Chronic obstructive pulmonary disease (COPD) 20 (44%) 

Chronic kidney disease (CKD) 25 (54%) 

Diabetes mellitus (DM) 30 (65%) 

Active smoker at time of surgery 13 (28%) 

BMI (Body Mass Index) (kg/m2) 29 ± 6 

Obesity (BMI > 30 kg/m2) 19 (41%) 

El Oakley and Wright classification  

I - 

II - 

IIIA 7 (15%) 

IIIB 11 (24%) 

IVA 2 (4%) 

IVB - 

V 26 (57%) 

Microbiological examination of soft and bony tissue  

Staphylococcus aureus 17 (37%) 

Methicillin-resistant Staphylococcus aureus 6 (13%) 

Staphylococcus epidermidis 14 (30%) 

Enterococcus faecalis 10 (22%)  

Escherichia coli 7 (15%) 

Multiresistant Gram-negative bacteria 9 (20%) 

A total of 16 patients (35%) underwent secondary reconstructions at our institution 

following failed prior attempts. Of these, 11 patients (n = 11; 24%) had previously under-

gone unsuccessful bilateral pedicled pectoralis major flaps at the referring cardiosurgical 

departments. Five patients, in detail, two VRAM and three bilateral pectoralis major flaps, 

developed partial flap losses requiring further free flap surgery at our institution (n = 5; 

11%). These 16 patients underwent an average of 3 ± 2 debridements and negative pres-

sure wound therapy cycles prior to free flap surgery. The mean operation time (OT) was 

387 ± 120 min (range: 212 to 695 min), which included a mean flap ischemia time of 63 ± 

16 min (range: 32 to 91 min). While the mean sternal defect size was 194 ± 43 cm2, the mean 

skin paddle surface of the TFL flap was 205 ± 38 cm2, with a mean flap length of 24 ± 3 cm and 

a mean flap width of 8 ± 1 cm. Single-stage AVLs were necessary in 22 cases to provide reliable 

recipient vessels (Figure 1). Operative characteristics are presented in Table 2. 

 

Figure 1. A 62-year-old male patient with DSWI and sternal osteomyelitis after a bilateral CABG 

procedure. The resulting defect measured 22 × 8 cm (A). Sternal reconstruction with a TFL flap and 

an AVL was planned. The AVL was created between the subclavian artery and vein in an end-to-

side technique using a greater saphenous vein graft (B). Subsequently, arterial and venous end-to-

end anastomoses with the TFL flap pedicle were performed (C,D). The patient’s recovery was une-

ventful, and he was discharged 13 days postoperatively. Stable defect reconstruction without any 

sign of wound healing disorder or recurrent infection three month after surgery (E). 

Figure 1. A 62-year-old male patient with DSWI and sternal osteomyelitis after a bilateral CABG
procedure. The resulting defect measured 22 × 8 cm (A). Sternal reconstruction with a TFL flap and
an AVL was planned. The AVL was created between the subclavian artery and vein in an end-to-side
technique using a greater saphenous vein graft (B). Subsequently, arterial and venous end-to-end
anastomoses with the TFL flap pedicle were performed (C,D). The patient’s recovery was uneventful,
and he was discharged 13 days postoperatively. Stable defect reconstruction without any sign of
wound healing disorder or recurrent infection three month after surgery (E).

3.1. Postoperative Complications

The immediate postoperative course was uneventful in 38 of 46 patients (83%). Eight
patients (17%) experienced acute microvascular complications or progredient hematoma
at the recipient-site, which required emergency free flap re-exploration. In detail, acute
microvascular compromise was observed during re-exploration in three cases (7%) in the
form of acute arterial (n = 2; 4%) or venous thrombosis (n = 1; 2%). In this context, the
use of single-stage AVLs did not increase the risk of microvascular thrombosis (n = 1/21
vs. n = 2/22; odds ratio: 0.50; 95% confidence interval: 0.03 to 4.6; p = 0.9). Postoperative
hematoma evacuation was necessary in five patients (11%) within the first three days after
flap surgery. All flaps could be salvaged. The further postoperative course was complicated
in 6 patients (13%). In three patients, partial flap necroses of the most distal TFL parts were
observed (7%). In these three patients, further secondary reconstructions with an intercostal
anterior perforator flap (n = 1; 2%), a pedicled VRAM flap (n = 1; 2%), and two opposing
local rotational flaps (n = 2; 4%) were performed. Wound dehiscence of the TFL flap with
the need for debridement and secondary split-thickness skin-grafting (SSTG) was necessary
in three patients (7%). Surgical donor-site complications occurred in five patients (11%),
including three cases of impaired wound healing (7%), one case of donor-site infection (2%),
and one case with the need for hematoma evacuation (2%). Of these patients, two received
SSTG (4%) and three underwent successful secondary wound closure (7%). Eventually, all
donor-sites healed satisfactorily. Table 3 shows the distribution of surgical complications.
The average hospital stay was 34 ± 12 days, with a mean length of postoperative hospital
stay of 23 ± 14 days. Postoperatively, 37 patients (80%) were monitored at the intensive care
unit (ICU) for an average of 6 ± 9 days. Postoperative medical complications were seen
in six patients (13%). These included: paralytic ileus (n = 1; 2%), postoperative delirium
(n = 1; 2%), and cardiovascular instability with severe hypotension (n = 2; 4%). Two patients
(4%) died due to respiratory failure and cardiovascular instability within the first 30 days
post-surgery. The 1-year mortality rate was 17% (n = 8), but these deaths were not related
to flap surgery. At the time of discharge, all successfully treated patients presented with
stable soft-tissue conditions and without a sign of recurrent sternal infection.

3.2. Follow-Up Examinations

Follow-up donor-site examinations were performed 34 ± 19 months after free flap
surgery, including a total of 28 patients (61% follow-up rate). From the initial cohort of
46 patients, 8 patients (17%) had died, and 10 patients (22%) could not be reached. At the
TFL donor-sites, the ROM of hip and knee joints revealed no restrictions when compared to
the contralateral healthy sides (Table 4). Three patients subjectively described a weakness
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in knee extension (n = 3; 11%); however, muscle strength was not notably impaired in any
patient (donor-site: median of 5, range of 4 to 5 vs. healthy-site: median of 5, range of 4 to 5;
p = 0.25). Herniation of the quadriceps muscle was not seen in any patient at follow-up. The
patient-reported satisfaction showed an overall good result for both functional and aesthetic
outcomes at the donor-site (function: median of 2, range of 1 to 4; aesthetic: median of 2,
range of 1 to 4). With respect to general health and satisfaction, the SF-36 questionnaire
(physical component summary, median of 44, range: 33 to 57; mental component summary,
median of 29, range: 19 to 40) as well as the LEFS (median of 54, range: 35 to 65) revealed
satisfactory results. The mean donor-site scar length was 24.8 ± 3.3 cm. Scar examinations
revealed a median VSS score of 3 (range: 2 to 7) at the donor-site and a median of 3 (range:
2 to 5) at the corresponding recipient-site. In accordance, the POSAS showed an overall
good satisfaction with scar quality and scar appearance at the donor-site (median: 24, range:
18 to 34) and recipient-site (median: 23, range: 19 to 31) with comparable results for the
patients’ and observers’ scale (Table 4).

Table 3. Postoperative complications.

Surgical Complications n (%)

Flap Complications

Arterial thrombosis 2 (4%)
Venous thrombosis 1 (2%)

Hematoma 5 (11%)
Wound dehiscence 3 (7%)

Partial flap necrosis (>5% of the skin paddle) 3 (7%)
Donor-site complications
Impaired wound healing 3 (7%)

Wound infection 1 (2%)
Hematoma 1 (2%)

Table 4. Follow-up examination (VSS = Vancouver Scar Scale, POSAS = Patient and Observer Scar
Assessment Scale, SD = Standard Deviation).

Follow-Up Examinations

Range of Motion Donor-Site Healthy Side p-Value

Mean knee joint extension/flexion (mean ± SD) 110◦ ± 9◦ 114◦ ± 9◦ p = 0.08
Mean hip joint extension/flexion (mean ± SD) 118◦ ± 10◦ 122◦ ± 8◦ p = 0.73

Mean hip joint abduction/adduction (mean ± SD) 69◦ ± 5◦ 71◦ ± 6◦ p = 0.29
Mean hip internal-/external rotation (mean ± SD) 58◦ ± 7◦ 62◦ ± 7◦ p = 0.07

Scarring Donor-Site Recipient-Site

Median VSS (range) 3 (2 to 7) 3 (2 to 5) -
Median POSAS (range) 24 (18 to 34) 23 (19 to 31) -

Median patients’ scar assessment (range) 12 (9 to 21) 12 (10 to 16) -
Median observers’ scar assessment (range) 11 (9 to 17) 11 (9 to 15) -

4. Discussion

In the present study, we report on our treatment of a selective group of patients with
DSWI and sternal osteomyelitis after cardiac surgery resulting in large sternal defects. The
patients in this study had multiple previous surgeries (El Oakley III to V), with their overall
morbidity leading to a median ASA score of 3. Nowadays, microsurgical free flap transfer
is a safe and reliable procedure, with failure rates ranging between 1 and 6% [17–19].
However, it is technically complex, time-consuming, and often debilitating on multimorbid
patients due to their diminished physical reserves [20–22]. A particularly challenging
situation arises when free flaps become the only remaining reconstructive option because
defects cannot be closed with local or pedicled flaps. Nevertheless, a persisting disfiguring,
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painful, and infected defect is hardly ever an alternative for the patient‘s remaining life
span. In order to avoid additional complications, any reconstructive procedure in these
patients needs to be as safe and reliable as possible. Hereby, operative time should be
kept as short as possible, with the designated flap being “easily accessible”. Pursuing the
objective of optimizing the treatment of these critically ill patients, we have increasingly
been choosing the free TFL flap with its large skin paddle, which makes it ideal for the
reconstruction of extensive three-dimensional sternal defects.

The TFL muscle is a weak flexor and lateral rotator of the thigh. The muscle is dis-
pensable, and its absence usually causes no remarkable functional deficit or donor-site
morbidity [9]. This was confirmed by the results of our clinical follow-up examinations.
Hereby, muscle strength and range of motion were not considerably impaired. How-
ever, our method of muscle strength assessment may not have been precise enough to
discriminate between the donor-site and uninjured side. The LEFS, a well-established
and sensitive tool to measure lower extremity functional impairment [14], also did not
reveal considerable impairment in any patient (median LEFS = 54) when compared to
normative median values (LEFS = 66) for patients older than 65 [23]. Donor-site morbidity
in this study was negligible when compared to other flaps, such as the rectus abdominis
muscle flap, for example [24,25]. The TFL flap can comprise a maximal skin paddle three
times the size of the muscle [26]. Therefore, it combines the freedom of abundant skin
coverage and a strong fascial layer with the versatility of a microvascular pedicle. The
fascia is a highly vascularized semirigid layer, which provides additional structural support
to cover large defects [9,27]. The TFL flap is easily accessible and can be harvested in a
supine position, thus eliminating the need for lengthy intraoperative repositioning, when
compared to flaps from the thoracodorsal system. The operating time can be kept short
by working in a two-team approach. Another advantage of the large muscular TFL flap
is its suitability for anastomoses to AVLs, as opposed to fasciocutaneous perforator flaps,
such as the anterior lateral thigh (ALT) flap. In this context, Henn and colleagues stated
that ALT flaps in combination with AVLs might be prone to microvascular complications
due to an elevated flow resistance of the small-caliber perforator in comparison to the
low-resistance conditions of the vein graft used in AVLs [28]. Because of these findings, we
refrain from using fasciocutaneous perforator flaps in combination with AVLs and only use
muscle-based flaps in these scenarios. In line with this notion, the combination of TFL flaps
with AVLs showed no increased risk of microvascular thrombosis in this study.

Certainly, we want to point out that, in general, the full armamentarium of reconstruc-
tive procedures is required to cover sternal defects. Hereby, the most prevalent reconstruc-
tive options usually comprise pedicled muscle flaps, as they provide well-vascularized
tissue with enough bulk to fill the defect cavity. The pedicled VRAM flap, LD flap, and
bilateral pectoralis major flap have been the method of choice for decades [5,6,8]. In this
context, it is recommended to cover cranial sternal wounds with pectoralis major flaps,
whereas VRAM flaps are of better use to cover caudal sternal wounds. Davison and col-
leagues compared the outcome of 41 modified pectoralis major flaps against 56 pedicled
VRAM flaps and reported equal wound dehiscence rates (VRAM: 14.2% vs. PM: 14.6%) [4].
However, it has to be considered that in the majority of patients developing DSWI after
cardiovascular surgery, the LIMA is harvested for CABG. Therefore only the RIMA can
be used for a cranially pedicled VRAM flap [8]. Furthermore, the most distal part of the
pedicled flap, which is of paramount importance to the reconstructive outcome, especially
in larger defects, is at risk of impaired perfusion, with a higher risk for wound dehiscence
and infection [29]. We agree with Davison and colleagues that both pedicled flaps are
straight forward and easy to harvest; nevertheless, the free TFL flap showed lower rates of
wound dehiscence and partial flap necrosis in this study.

The latissimus dorsi muscle is the largest human muscle and is ideal to cover larger
sternal defects. Even when the insertion to the humeral bone is detached, the maximum
arc of rotation of a pedicled LD flap is an important limitation, particularly when a midline
exceeding defect must be reconstructed [29]. This can put the most distal part of the flap
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at risk of impaired perfusion. Spindler and colleagues published a study of 106 patients
undergoing sternal reconstruction with a pedicled myocutaneous LD flap. Besides no
total flap loss, they reported 35% revision surgeries because of wound healing disorders,
hematoma, or persistent infection [30]. In comparison to their results, the number of
revision surgeries for partial flap necrosis (n = 3), wound healing disorders (n = 3), and
hematomas (n = 5) was lower in our cohort (24%). According to the current literature, the
free LD transfer can show reliable results, with encouragingly low rates of revision surgeries
or serious complications [31]. However, raising a free LD flap to cover sternal defects has
some disadvantages that need to be considered. First, patients must be repositioned
intraoperatively, and the flap must be banked in the axilla. Second, the latissimus dorsi
muscle, as the rectus abdominis muscle, is an auxiliary breathing muscle; thus, sacrificing
this muscle can affect breathing mechanisms in these already multimorbid patients [30].
While some authors state that the greater omentum (OM) flap is a valuable alternative to
muscle flaps, we do not consider the OM flap as a first line procedure [32]. Kolbenschlag
and colleagues presented a study of 50 patients undergoing sternal defect reconstruction
with a pedicled OM flap and reported high surgical complication rates and high donor-site
morbidity, with one patient even developing acute intestinal incarceration [33]. Therefore,
the OM flap should be considered a last resort backup option rather than a first-line
treatment. Furthermore it should be considered than an increasing defect size can be
related to a higher incidence of partial flap necrosis of pedicled flaps, leading to a higher
rate of revisional surgeries and impaired postoperative recovery [34]. In this context we
can recommend the myocutaneous TFL flap as a workhorse flap for extensive sternal
defect reconstruction.

Despite the promising nature of our data, which highlight the feasibility of the free
TFL flap for the reconstruction of large sternal defects in a one-stage procedure, our study
has important limitations that need to be discussed. First, our study is limited by its
retrospective nature and involvement of several different surgeons and their various flap
planning routines. Second, the study comprises a relatively small number of patients.
Therefore, we conclude that a larger cohort of patients and a longer follow-up period are
necessary to gain more reliable data regarding the choice of the reconstructive approach
in this context. Third, the follow-up response rate was low, and follow-up times varied
greatly, which may have resulted in different stages of rehabilitation, wound healing, and
scarring assessed.

5. Conclusions

In conclusion, the free TFL flap represents a valuable option for sternal reconstruction
in critically ill patients with large defects and a history of previously failed reconstructive
procedures. It is associated with an encouragingly low morbidity at the corresponding
donor-site. We therefore regard the free TFL flap, in combination with AVLs if needed, as a
workhorse flap for sternal reconstruction, rather than merely a backup option.
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Abstract: Background: Assessment of tissue perfusion after irradiation of random pattern flaps still
remains a challenge. Methods: Twenty-five rats received harvesting of bilateral random pattern
fasciocutaneous flaps. Group 1 served as nonirradiated control group. The right flaps of the groups
2–5 were irradiated with 20 Gy postoperatively (group 2), 3 × 12 Gy postoperatively (group 3),
20 Gy preoperatively (group 4) and 3 × 12 Gy preoperatively (group 5). Imaging with infrared
thermography, indocyanine green angiography and near-infrared reflectance-based imaging were
performed to detect necrotic areas of the flaps. Results: Analysis of the percentage of the necrotic
area of the irradiated flaps showed a statistically significant increase from day 1 to 14 only in group 5
(p < 0.05). Indocyanine green angiography showed no differences (p > 0.05) of the percentage of the
nonperfused area between all days in group 1 and 3, but a decrease in group 2 in both the left and
the right flaps. Infrared thermography and near-infrared reflectance-based imaging did not show
evaluable differences. Conclusion: Indocyanine green angiography is more precise in prediction of
necrotic areas in random pattern skin flaps when compared to hyperspectral imaging, thermography
or clinical impression. Preoperative fractional irradiation with a lower individual dose but a higher
total dose has a more negative impact on flap perfusion compared to higher single stage irradiation.

Keywords: irradiation; imaging; malperfusion

1. Introduction

Defect reconstruction still remains one of the main fields of interest in plastic surgery.
Assessment of flap viability has been shown to be effective using the correct length-to-width
ratio in the case of random pattern flaps for clinical evaluation [1,2].

When multimorbid oncological patients who might have undergone irradiation preop-
eratively or should undergo irradiation postoperatively, further reliable assessment of flap
perfusion is necessary to avoid complications such as wound healing disorders and partial
or complete flap loss [1]. Therefore, the correct intraoperative detection of malperfused
areas is one of the points of interest [1,3]. Skin is especially one of the common areas
for collateral injury caused by radiotherapy and increasingly in diagnostic radiology by
the use of fast multislice CT scanners and fluoroscopically guided interventions [4]. Skin
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tolerance has often been the limiting factor in radiotherapy [5]. Currently, skin injuries lead
to long-lasting burdens for the patients being treated.

Irradiation of tissue leads to ischemia and finally results in tissue fibrosis [6]. Briefly,
irradiation induces DNA damage and the generation of reactive oxygen species leading
to activation of the immune system and the recruitment of inflammatory cells. These
neutrophils release additional inflammatory mediators. Furthermore, lymphocytes and
monocytes migrate to the irradiated tissue. Monocytes differentiate into macrophages,
which—together with other cells such as fibroblasts—release the transforming growth
factor-beta (TGF-β), which stimulates fibroblasts to differentiate into myofibroblasts. In
the end, myofibroblasts secrete extracellular matrix proteins and lead to increased tissue
stiffness [7]. Besides these factors, vascular injury and changes in microvascular function
are a primary pathogenetic signal for the procedure of fibrosis [8]. Early inflammatory
vascular changes such as an increase in leukocyte adhesion due to irradiation can be
seen within one hour after irradiation [9]. The developed tissue fibrosis itself reduces the
perfusion of the irradiated tissue [7,10]. Furthermore, irradiation seems to have a negative
impact on flap dimension [11].

To determine tissue perfusion, different imaging modalities have been tested, such
as laser Doppler flowmetry for cutaneous circulation [12], infrared thermography [13],
indocyanine green angiography [1,14] and near-infrared reflectance-based imaging [15].
While these devices may eventually predict the malperfusion accurately, there might be
differences in their features such as application handling and invasivity.

This study evaluates the different imaging modalities—infrared thermography, indo-
cyanine green angiography and near-infrared reflectance-based imaging [16,17]—to predict
malperfused areas in an irradiated random pattern fasciocutaneous flap model.

2. Materials and Methods

Twenty-five male Lewis rats (age 14 ± 2.5 weeks (range 10–19 weeks)) weighing
336 ± 22.4 g (range 283–390 g) were operated in 5 different treatment groups. The study
was approved by the ethic committee of the government of Middle Franconia (RUF-55.2.2-
2532-2-1275-15).

2.1. Surgical Procedure

Anesthesia was performed using isofluran. For analgesia, the animals received bu-
torphanol (0.5–2 mg per kg) and meloxicam (1 mg per kg). Two modified caudally based
McFarlane flaps were harvested at the rat’s back with a length of 6 cm and a width of
1 cm. The flaps were located parallel and 1 cm lateral to the spine (Figure 1). The flaps
were harvested by incision along their medial, lateral and cranial side so that their caudal
base was 1 cm cranial of the spina iliaca posterior superior. The dissection was deep to
the panniculus carnosus and superficial to the deep fascia. After raising the flap, it was
reinserted to its bed and sutured using monofilament sutures. Postoperative analgesia was
performed using meloxicam. The rats received an antibiotic treatment with enrofloxacin
(7.5 mg per kg) for 5 days.

2.2. Irradiation Procedure

An orthovoltage X-ray device performed the irradiation with a current of 20 mA and
a voltage of 150 kV. For the irradiation, the rats received intramuscular anesthesia using
ketamine (100 mg per kg) and medetomidine (0.2 mg per kg). Rats were positioned on the
belly and transferred to the irradiation unit in a closed isolation cage to protect the rats
from pathogens. An area of 7 × 2 cm2 including the right flap or the area of the prospective
right flap in case of preoperative irradiation was irradiated (Figure 2). The rest of the body
of the rat was covered with lead shields as protection from irradiation. The left flap served
as nonirradiated internal control. Postoperative irradiation was performed on the first day
after the operation. Postoperative fractional irradiation was performed on the first, second
and third day after the operation. Single stage preoperative irradiation was performed
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4 weeks before the operation and fractional preoperative irradiation on the three following
days starting 4 weeks preoperatively (Figure 3).
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2.3. Groups

Animals were divided in 5 groups (n = 5). Group 1 included the control group without
irradiation. The rats of group 2 received postoperative irradiation with 20 Gy. The rats of
group 3 had postoperative irradiation with 3 × 12 Gy. Rats of group 4 received preoperative
irradiation with 20 Gy and rats of group 5 fractional preoperative irradiation with 3 × 12 Gy
(Table 1).

Table 1. Groups.

Group. Irradiation Regimen

Group 1 None = control

Group 2 Single stage postoperative irradiation 20 Gy 1 day after flap harvest

Group 3 Fractional postoperative irradiation 12 Gy each day 1, 2 and 3 after flap harvest

Group 4 Single stage preoperative irradiation 20 Gy 28 days before flap harvest

Group 5 Fractional preoperative irradiation 12 Gy each day 28, 27 and 26 before flap harvest

2.4. Imaging

Indocyanine green angiography using an IC-Flow™ Imaging System (Diagnostic
Green, Farmington Hills, MI, USA) was performed directly after flap harvest and on day 1,
7 and 14 after the operation in groups 1, 2 and 3 (Figure 4). Therefore, indocyanine green
was injected via the tail vein (1 mg per kg). An intensity of less than 20% of the maximum
intensity was defined as malperfused area.
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Standard clinical imaging was performed directly after the operation and on day 1, 3,
7, 10 and 14 after the operation. The animals were sacrificed 14 days after the operation.
As previously described [16], near-infrared reflectance-based imaging was performed on
the same days using Snapshot NIR® (Kent Imaging Inc.; Calgary, AB, Canada) to measure
tissue oxygenation in superficial tissue. Near-infrared light is transmitted onto the skin
surface and reflected off the blood within the tissue [16]. There is a difference of oxygenated
and deoxygenated light absorption of hemoglobin that depends on the wavelength. In
conclusion, the ratio from oxygenated to deoxygenated blood and therefore the viability can
be determined by this method. Poorly perfused skin has a lower percentage of oxygenated
hemoglobin than well-perfused skin [16,18]. Infrared thermography images were obtained
on the same days by a smartphone-compatible thermographic camera (FLIR ONE Pro,
FLIR Systems, Inc.; Wilsonville, OR, USA). The camera uses a long-wave infrared sensor. It
has an effective temperature range from −20 to 400 ◦C with a resolution of 0.1 ◦C with a
sensitivity that detects temperature differences as low as 70 mK. Image processing is used
to merge the photo with a thermal image and thus measure the temperature [16].
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2.5. Blood Samples

Blood samples were taken 30 min after irradiation in the postoperative irradiation groups
for staining of DNA double-strand breaks in lymphocytes as previously described [19]. Briefly,
lymphocytes were isolated using Pancoll Separating Solution (Pan Biotech, Aidenbach,
Germany). After separation, the lymphocytes were incubated overnight with the antibody
detecting the phosphorylated variant of the histone H2AX (γ-H2AX) (Purified anti-H2A.X
Phospho (Ser139); BioLegend, San Diego, CA, USA).

2.6. Statistical Analysis

Flap size and malperfused/necrotic areas were calculated using Image J (U.S. National
Institutes of Health, Bethesda, MD, USA). The statistical analysis was performed using Mi-
crosoft Excel (Microsoft, Redmond, WA, USA) and Prism 8 (GraphPad Software, San Diego,
CA, USA). The normal distribution was identified graphically using QQ plots. For the
comparison of the medians of the same group at different timepoints and the comparison of
different groups at the same timepoint, mixed effect models with the Geisser–Greenhouse
correction following the Tukey test were used. The level for statistical significance was set
at p < 0.05.

3. Results

All animals tolerated the operative procedure without complications. Postopera-
tive irradiation resulted in weight loss of approximately 10% (group 2, weight day at
0: 322 ± 20.3 g, weight at day 14: 297 ± 17.2 g; group 3 weight at day 0: 329 ± 17.8 g,
weight at day 14: 296 ± 14.2 g). The weight of the rats in groups 1, 4 and 5 remained stable.

3.1. Flap Size

Mean flap size (including all well- and mal- or nonperfused areas) was slightly reduced
(p > 0.05) 14 days after the operation in all groups (Figure 5).
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3.2. Necrotic Areas of Flaps

There was no difference (p > 0.05) in the percentage of the necrotic area of the flaps
between days 1 and 14 in the control group (comparison day 1 to 7: p = 0.04; day 1 to
10: p = 0.01). Furthermore, there was no difference between the control group and the
treatment groups or between the right and left flaps within each group.

Comparison of the percentage of the necrotic area of the irradiated flaps showed an
increase in all groups from day 1 to 14 (Figure 6). The difference between day 1 and 14 was
statistically significant only in group 5 (comparison day 1 to 7: p = 0.03; day 1 to day 10:
p = 0.01; day 1 to 14: p = 0.02).
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3.3. Nonperfused Areas of the Flaps in the Indocyanine Green Angiography

The indocyaningreen angiography during the operation showed no differences (p > 0.05)
of the mean percentage of the nonperfused area between all groups or between the left and
the right flaps within each group (Figure 7). On days 1, 7 and 14, no difference (p > 0.05)
of the percentage of the nonperfused area of the flaps in group 1 and 3 was measured.
The percentage of the nonperfused area of the flaps in group 2 decreased between day 1
and 7 (p < 0.01) and between day 1 and 14 (p = 0.01). However, as the percentage of the
nonperfused area in the intraindividual control group in group 2 decreased as well, there
was no difference between the left and the right flap of group 2 on the days 1, 7 and 14.
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3.4. Staining of Double-Strand Breaks

Staining of the lymphocytes, which were extracted from the blood samples taken
30 min after the end of the irradiation procedure, showed double-strand breaks in all
groups with a lower number in group 2 and a higher number in group 3 (Figure 8). These
double-strand breaks show that all irradiation regimens had an influence on the rat’s
organism and that the irradiation was not just applied locally on the flaps.
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3.5. Near-Infrared Reflectance-Based Imaging and Infrared Thermography

Near-infrared reflectance-based imaging did not produce valuable data in our study.
As seen in Figure 9, the sutures and the wound scab at the sides did not allow for capturing
the oxygen levels in these areas, thus making precise evaluation impossible.
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Figure 9. Group 2 comparison of clinical imaging (A) and near-infrared reflectance-based imaging at
day 14: (B) right flap; (C): left flap.

Evaluation of the images of the infrared thermography did not show evaluable differ-
ences of the temperature. Due to the previous shaving and the hair loss after irradiation,
the measured temperature was generally high without specific differences between the
flaps, the surrounding tissue or between the different areas of the flap itself (Figure 10).
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4. Discussion

In times of multimorbid patients undergoing complicated reconstructive procedures
including reconstructive flap surgery [20], predictable complications such as partial flap
necrosis due to malperfusion should be avoided. Replacing irradiated tissue with unirradi-
ated flaps is one way to circumvent such surgical site sequelae [21–23]. To assess the viability
and perfusion of flaps properly, different imaging modalities have been evaluated in this
study in the setting of pre- and postoperative irradiation of random pattern skin flaps.

From the three imaging methods tested, the indocyanine green angiography was
shown to be the most precise. The advantages of the infrared thermography such as its
noninvasive use have been already shown in other studies [13]. In contrast to the study
of Li et al.; infrared thermography was shown not to reproduce evaluable results in our
study. One reason might be that the areas of interest—the flaps—were hairless during
the total period of observation. Repetitive shaving was not possible due to the developed
desquamation and necrosis. Hairless areas might be a necessary condition for infrared
thermography [24].

While Chin et al. stated that prediction of region-of-flap necrosis might be possible
due to the detection of early changes in deoxygenated hemoglobin seen by near-infrared
reflectance-based imaging [15], we could not produce evaluable data. The reason for this
might be similar to those of the limitations of the infrared thermography.

Indocyanine green angiography has been proven to predict flap survival area on
the first postoperative day more accurately than other imaging modalities such as laser
Doppler [1]. Especially, the early detection of malperfused areas of flaps is important to
adapt the flap design at best intraoperatively, for example, by resection of the malperfused
parts to prevent partial flap loss. Indocyanine green angiography supports the intraopera-
tive decision-making process of flap design in daily clinical practice [3]. Giunta et al. stated
that a perfusion index of less than 25% of the reference skin could be considered as a sign
of developing flap necrosis [14], which is similar to the 20% we chose for our study. While
the percentage of the necrotic area of the flaps increased in all groups, when evaluated
clinically, the percentage of the nonperfused areas of the flaps—seen in the indocyanine
green angiography—remained at least constant. These data support the assumption that
indocyanine green angiography reliably foresees the well- and nonperfused areas of ran-
dom pattern flaps. Interestingly, we measured a reduction of the nonperfused areas in
group 2 after 20 Gy irradiation on days 7 and 14 compared to day 1. One reason might
be that single irradiation with 20 Gy does not lead to harmful effects on flap perfusion.
The improved perfusion might be due to the mechanism of flap delay, where linking or
so-called choke vessels dilatate and reorientate due to increased blood flow because of
opening of arteriovenous anastomoses and result in an enlarged perfused area [25,26].
As we measured the decrease in both the irradiated and the nonirradiated flaps without
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difference between these two groups, it might be possible that the animals in these groups
were more susceptible to the changes of the delay phenomenon.

When comparing clinical evaluation of the necrotic area of the flaps to evaluation
by indocyanine green angiography, the percentage generally turns out to be higher when
compared to indocyanine green angiography. One reason for this difference might be that
the indocyanine green angiography is able to evaluate the flap in its total thickness. In
contrast, the clinical impression just assesses the visible superficial layers of the flap. It
might be that the necrotic tissue, which was seen, does not affect all layers of the flap and is
just necrotic scab as a sign of partial flap necrosis.

In addition to the imaging used in this study, duplex sonography may provide ad-
ditional evidence of changes in flap perfusion. For example, Heitland et al. measured
an increase in blood flow after anastomosis in musculocutaneous and perforator flaps
compared to the donor vessel that indicates flap hyperperfusion [27]. Duplex sonography
was not indicated in this model due to the random pattern perfusion. The irradiation had a
systemic impact on the rats. This could be seen as DNA double-strand breaks were visible
in all groups as proof of the systemic influence. Previous tests in our laboratory have shown
that postoperative irradiation with 30 Gy was the lethal dose in our setting with a weight
loss of more than 20% over several weeks. A reason might be that shorter, more intense
irradiation treatments can increase acute effects because they do not allow sufficient time
for regeneration [28].

Irradiation of the flaps resulted in a shrinking of the flaps in all groups, but the differ-
ence was not statistically significant. This might be explained by the fact that irradiation
reduces the elasticity of the affected skin [5]. It is well known that tissue fibrosis is one
of the hallmarks of chronic damage due to irradiation and changes the form, function
and the appearance of the irradiated tissue [7]. In general, tissue fibrosis is a dynamic
process with constant remodeling and long-term fibroblast activation. Initiation of these
processes, however, could be seen 24 h after irradiation [29]. Especially early microvascular
changes are seen within hours after irradiation [9]. As microvascular depletion leads to
tissue ischemia, tissue hypoxia might be relevant for early fibrogenesis [8]. Skin reactions
on irradiation such as desquamation were first visible at day 7 after irradiation with a peak
at day 14 in a mouse model after 50 Gy irradiation [30]. The clinical sign of alopecia [5]
or reduced hair growth due to irrradiation was seen in all flaps. High dose irradiation
has been shown to cause dermal thickening [5], which unfortunately was not measured
in our study. The shrinkage of the flap, however, is seen as sign of the developed fibrosis.
Lin et al. performed fractioned irradiation with fractions up to 400 cGy and in total up to
40 Gy four weeks postoperatively [11]. The animals were killed six weeks after the end of
irradiation. Greater tissue damage in both skin and muscle tissue of rat rectus muscle flaps
with histological changes such as fibrosis and vascular damages were seen after irradiation
with greater dose per fraction and less total dose compared to lower dose fraction groups
and higher total dose. In our study, we did not see a statistically significant difference in
all groups.

We did not see statistically significant differences in the size of the necrotic area
between the treatment groups and the control group. However, we did see an increase of
the necrotic area in all irradiated groups with a statistically significant increase in group 5.
This could indicate that the damage of irradiation on tissue perfusion was not completely
detected in our study setting. Similarly, postoperative irradiation of free skin flaps in
rats one week after transplantation did not show statistical significant differences in the
mechanical strength of the healing interface or the biochemical markers compared to the
control group [31]. The irradiated flaps just showed minimal histomorphological changes
compared to the nonirradiated flaps. Additionally, the irradiation with 20 Gy did not affect
flap survival.

Furthermore, our study examines the acute phase after irradiation. It might be possible
that the late harmful effects of irradiation are not included. As the study of Sumi et al.
suggested, however, postoperative irradiation of skin flaps in rats that begins 3–4 weeks
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postoperatively should not affect flap survival negatively [32]. In this study, the postopera-
tive irradiation begins at the first day after the operation. Therefore, one might expect that
this study captures the majority of the negative side effects of irradiation.

In contrast to the harmful influence of irradiation observed in our study, low dose
irradiation of ischemic pedicled skin flaps in mice with 5 Gy upregulates angiogenic
chemokines and resulted in an increase of the vascularity of the flaps measured by laser
Doppler. In addition, the irradiated flaps did not show an increase in flap ischemia or in flap
necrosis compared to controls. Thus, it is suggested that neovascularization after ischemic
injury is a multifactorial process [33]. Furthermore, low dose irradiation of ischemic legs
in mice with 2 Gy promoted neovascularization by release of vascular endothelial growth
factor (VEGF) [34]. Besides neovascularization, low dose fractionated irradiation with four
fractions of 0.3 Gy in murine ischemic limbs improved capillary density and stimulated
collateral vessel formation [35]. In conclusion, it can be assumed that the harmful effects of
irradiation are directly related to the applied dose. For example, human endothelial cells
have been shown to be viable up to an irradiation dose of 10 Gy [36]. However, it has been
shown that irradiation with 40 Gy one month before harvesting an axial fasciocutaneous
flaps resulted in an increased flap necrosis and a decrease in vascular density compared to
the nonirradiated control group [37].

Limitations of this study include the small number of animals per group, which
might be a reason for the results that showed just a few statistically significant differences.
The irradiation regimen that was chosen in this study can only be transferred to clinical
daily routine to a limited extent, since, for example, postoperative irradiation is usually
only carried out after wound healing has been completed and not, as in this study, on
the first postoperative day. The timing in this study was chosen so that the possible
influence of the delay phenomenon could be kept as low as possible. Histopathological
examinations or examinations on the molecular level, which could provide an indication
of a possible neoangiogenesis, were not performed. This study deliberately wanted to
focus on the use and comparison of imaging as it is also practiced in routine clinical
practice. To distinguish necrotic areas in all layers from superficial necrosis more precisely,
histopathological staining could be performed in future studies. In addition, the influence
of irradiation could then also be studied at the molecular level. There is a wide range of
different diagnostic procedures to measure tissue perfusion. For example, the measurement
of transcutaneous oxygen pressure has been proven useful for the evaluation of free flap
viability [38]. Skin perfusion pressure seems to be an accurate predictor of wound healing
potential, especially in patients with limb ischemia [39]. In this study, we focused on three
different imaging modalities that assessed the entire flap. Future studies could compare
the indocyaningreen angiography, which in this study has been shown to be more precise,
with other procedures.

5. Conclusions

This study shows that indocyanine green angiography is more precise in the pre-
diction of necrotic areas in random pattern skin flaps when compared to hyperspectral
imaging, thermography or clinical impression, since infrared thermography and near-
infrared reflectance-based imaging did not produce reliable data in this setting. The impact
of pre- and postoperative irradiation on flap perfusion seems to be the same. Furthermore,
preoperative fractional irradiation with a lower individual dose but a higher total dose has
a more negative impact on flap perfusion compared to higher single stage irradiation.
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Abstract: Sufficient wound closure of large soft tissue defects remains a challenge for reconstructive
surgeons. We aimed to investigate whether combined perforator propeller flaps (PPFs) are suitable to
expand reconstructive options. Patients undergoing PPF reconstruction surgery between 2008 and
2021 were screened and evaluated retrospectively. Of 86 identified patients, 69 patients received one
perforator propeller flap, while 17 patients underwent combined PPF reconstruction with multiple
flaps. We chose major complications as our primary outcome and defined those as complications that
required additional surgery. Postoperatively, 27 patients (31.4%) suffered major complications. The
propeller flap size, the type of intervention as well as the operation time were not associated with a
higher risk of major complications. A defect size larger than 100 cm2, however, was identified as a
significant risk factor for major complications among single PPFs but not among combined PPFs (OR:
2.82, 95% CI: 1.01−8.36; p = 0.05 vs. OR: 0.30, 95% CI: 0.02−3.37; p = 0.32). In conclusion, combined
PPFs proved to be a reliable technique and should be preferred over single PPFs in the reconstruction
of large soft tissue defects at the trunk and proximal lower extremity.

Keywords: perforator propeller flap; combined perforator propeller flap; microsurgery; soft tissue
reconstruction; propeller flap; perforator flap

1. Introduction

Modern reconstructive surgery offers a vast variety of surgical techniques for the
reconstruction of soft tissue defects [1,2]. Although free flaps have been established as
the standard procedure in the reconstruction of soft tissue defects, regional flaps might
be used depending on the size and characteristics of a defect [3]. However, large defects
often require complex solutions with multiple flaps or tissue expansion to ensure sufficient
wound closure [4,5]. Frequently used combinations consist of muscle flaps, sliding flaps as
well as rotation flaps, which are either combined with one another or with a free flap [6,7].
Nevertheless, limitations of regional flaps are due to arc of flap rotation, flap size to
defect size ratio, wound infections, and donor-site morbidity while free flaps are limited
whenever vessels for anastomosis are insufficient [8]. Furthermore, prior surgeries often
lead to significant scarring and, hence, may impede the use of conventional regional flaps.

Since the introduction of perforator propeller flaps (PPFs), they have gained increasing
popularity [9,10]. By the definition of the “Tokyo consensus” on propeller flaps, propeller
flaps are “island flaps that reach the recipient-site through an axial rotation“ [11]. As a
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combination of a reliable pedicled flap along with low donor-site morbidity, PPFs offer high
flexibility and, therefore, have led to versatile use. First employed in the reconstruction
of the upper and lower extremity, PPFs have also become an established technique in the
reconstruction of soft tissue defects of the trunk [12]. Even though PPFs have shown to be
a reliable reconstructive option, there is a gap in the literature regarding the potential ad-
vantages associated with using combined PPFs instead of single PPFs (Table 1). This study
aims to compare the outcome of single and combined PPFs, to determine the prevalence of
complications among both techniques, and to assess the potential use of combined PPFs in
the reconstruction of large soft tissue defects.

Table 1. Articles 1 reporting the use of combined perforator propeller flaps.

Title Author Year No. of
Patients Body Region

Dual Reconstruction of Lumbar and
Gluteal Defects with Freestyle Propeller

Flap and Muscle Flap
Ellabban et al. [13] 2021 18 Trunk/Gluteal

Lumbar Perforator Flaps for Coverage
of Extensive Defects With Osteomyelitis Schaffer et al. [14] 2021 7 Trunk

Perforator-Based Flaps for Defect
Reconstruction of the Posterior Trunk

Hernekamp et al.
[9] 2021 36 Trunk

Use of the Propeller Lumbar Perforator
Flap: A Series of 32 Cases

Falinower et al.
[15] 2020 31 Trunk

The SCIP propeller flap: Versatility for
reconstruction of locoregional defect Boissière et al. [16] 2019 56 Trunk

Freestyle multiple propeller flap
reconstruction (jigsaw puzzle approach)

for complicated back defects
Park et al. [17] 2015 18 Trunk

1 Case reports as well as articles that did not include combined perforator propeller flaps were excluded.

2. Materials and Methods
2.1. Patients

Medical records of all patients who received a PPF reconstruction surgery between
2008 and 2021 at the University Clinic of Erlangen Nuremberg and the BG Trauma Center
Ludwigshafen were identified and evaluated retrospectively. All surgeries were performed
under the senior author’s direct supervision. This study was approved by the ethics board
of the Friedrich Alexander University of Erlangen Nuremberg (registration number: 21-433-
Br) and the local ethic committee of Rhineland-Palatinate (registration number: 2021-16096).
Patients who either received single or combined PPF reconstruction with a minimum
rotation arc of 45 degrees were included in the study. Combined PPFs were defined as
“double PPF” if two perforator propeller flaps were used whereas those combined with
any kind of regional flap were assigned to the group of “PPF plus regional flap”.

We utilized patients’ digital charts to collect data on individual characteristics, flap
surgery, risk factors as well as postoperative complications. Risk factors considered were
diabetes, arterial hypertension, peripheral artery disease, coronary heart disease, coagulation
disorders, prior thrombotic events, obesity (BMI > 30 kg/m2), radiation therapy, chemotherapy,
and smoking. All risk factors as well as postoperative complications were assessed separately
before creating a dichotomous variable. Furthermore, postoperative complications requiring
surgical treatment were considered as a “major complication” whereas those manageable by
conservative therapy were considered as a “minor complication”. Partial flap loss was defined
as a flap necrosis of at least five percent, which did not result in a total flap removal, while
“total flap loss” was defined as a flap loss of more than 50 percent leading to reconstructive
failure and, thus, total removal of the flap. Additionally, we recorded the total time of
hospitalization as well as the total amount of surgeries related to the specific type of PPF
reconstruction surgery (single or combined PPF). We chose “major complication” as the
primary outcome variable since, by definition, all kinds of major complications resulted in
additional surgeries and, hence, a more complex course of disease.
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2.2. Methods
Flap Harvesting

Prior to surgery, relevant perforating vessels were identified by either using a handheld
Doppler device (2008−2014) or duplex ultrasound (2015−2021) [18,19]. Preoperative planning
of flap design, flap dimensions as well as flap orientation were adapted to the size, location,
and vascular territory of the defect. If appropriate, combined PPF designs were considered
to ensure tension-free donor-site closure. Flap dissection was performed with subsequent
localization and preservation of significant perforators. It was conducted in a manner for
which the chance of converting to a conventional random pattern flap was preserved. This
procedure was intended as a rescue strategy if suitable perforators were absent or turned
out to be insufficient. However, conversion to random pattern skin flaps was not necessary.
Since the vascular pedicle represents the central axis of rotation and its length is inversely
proportional to the critical angle of twisting, we aimed, whenever possible, for a minimum
pedicle length of 3 to 5 centimeters to ensure adequate flap perfusion (Figure 1a) [20–22]. To
verify sufficient blood flow, we intraoperatively clamped all preserved perforators except
for the dominant one prior to complete flap harvest. Evaluation of the dominant perforator
followed in terms of caliber size, pulsatility, and morphology. The flap was then rotated into
the defect either in a clockwise or counterclockwise direction, depending on which method
led to lower twisting of the pedicle. Flap perfusion was assessed clinically. In addition to
clinical flap assessment, indocyanine green fluorescence angiography was performed for
objective flap perfusion assessment in selected cases [23]. Figure 1 visualizes the principle of
flap harvesting in further detail.

Figure 1. Principle of flap harvesting. (a–c) demonstrates PPF reconstruction on the trunk. (a) Metic-
ulous dissection of the perforator. We aimed for a minimum length of 3 to 5 centimeters to avoid
vascular complications; (b) PPF plus perforator-based VY advancement flap. Black crosses indicate
perforators of the flaps. After skin incision and dissection of surrounding tissue, the PPF was rotated
(curved arrow) into the defect, while the VY advancement flap was transposed (straight arrow) into
the defect; (c) Double PPF: Black crosses indicate pivot points given by the perforators. Those were
marked together with the regions of flap harvesting (white dashed lines) prior to surgery. After skin
incision and dissection of surrounding tissue, flaps were rotated into the defect (white dashed lines);
(d,e) Demonstrates PPF reconstruction of the lower extremity; (f) Demonstrates PPF reconstruction of
the upper extremity (Abbreviations: PPF, perforator propeller flap).
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2.3. Statistical Analysis

Separately for single PPF and combined PPF reconstruction surgery, we estimated
the prevalence of major complications. To identify whether characteristics among the
approaches differ, we conducted Wilcoxon–Mann–Whitney tests on continuous variables
of defect size, PPF size, total days of hospitalization, age, total number of surgeries, and
operation time against a patients’ type of perforator propeller reconstruction surgery
as well as Fisher’s exact tests on categorical variables of sex, major complications, and
existing risk factors. Furthermore, separately for the groups of (I) all PPFs, (II) single PPFs,
and (III) combined PPFs, we regressed major complications onto individuals’ defect size,
propeller flap size, and operation time. Those analyses were applied to assess the effect an
independent variable had on the outcome depending on the type of surgical intervention.
Finally, we regressed the type of reconstructive flap surgery on major complications. All
regression models were performed by employing univariable binary logistic regression
analyses. We considered an error probability of p ≤ 0.05 as statistically significant. Statistical
analyses were conducted using R (version 3.6.1, open source). Visualization was performed
wherever necessary using RStudio (version 1.1.456, RStudio PBC, Boston, MA, USA) and
Adobe Illustrator CS6 (Adobe Systems Incorporated, Mountain View, San Jose, CA, USA).

3. Results
3.1. Overall Sample Characteristics

Of 86 patients (38 female, 48 male) that underwent PPF reconstruction surgery between
2008 and 2021, 69 patients received single PPFs (69 flaps) whereas 17 patients received
combined PPF reconstruction (28 PPFs). Mean age of patients was 56.7 years ranging from 4
years to 88 years. Twenty-nine patients (33.7%) presented with risk factors for postoperative
complications prior to surgery (Table 2). Tumor and pressure ulcer were the most common
indications for PPF reconstruction and accounted for more than 66.3% of all indications. A
total of 62 (72.1%) reconstructions were performed on the trunk, 18 (20.9%) on the lower
extremity, and 6 (7.0%) on the upper extremity. Of all single PPF reconstructions performed,
47 (68.1%) were performed on the trunk, 16 (23.2%) on the lower extremity and 6 (8.7%) on
the upper extremity. Among combined PPF reconstructions 15 (88.2%) were performed
on the trunk and 2 (11.8%) on the lower extremity. Mean operation time was 178 minutes,
ranging from 80 to 480 minutes. Mean defect size was 117.8 ± 88.6 cm2 ranging from 12 to
504 cm2, while mean PPF size was 137.3 ± 85.1 cm2 ranging from 24 to 532 cm2. Overall,
major complications occurred in 27 patients (31.4%). Partial flap loss occurred in 5 patients
(7.2%) and total flap loss in 5 patients (5.8%). In summary, primary reconstruction was
successful in 60 out of 69 patients (87.0%) with single PPFs and in 16 out of 17 patients
(94.1%) with combined PPFs by the time of discharge from our department. Patient and
flap characteristics are shown in detail in Table 2.

Table 2. Patient characteristics.

Characteristic Total Single PPF Combined
PPF p-Value

No. of patients (%) 86 69 (80.2) 17 (19.8)

Combined PPF, No. (%) 17 (19.8)

Double PPF 11 (64.7)

PPF plus regional flap 6 (35.3)

Sex, No. (%) 0.79

Female 38 (44.2) 30 (43.5) 8 (47.1)

Male 48 (55.8) 39 (56.5) 9 (52.9)

Mean age [years] (SD, range) 56.7 (19.7,
4−88)

55.7 (20.0,
4−86)

60.8 (18.6,
21−88) 0.34
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Table 2. Cont.

Characteristic Total Single PPF Combined
PPF p-Value

Risk factors 1 present, No. (%) 29 (33.7) 19 (27.5) 10 (58.8) 0.02

Defect etiology (%)

Burn injury 1 (1.2) 1 (1.4) 0 (0.0) 0.36

Pressure ulcer 13 (15.1) 10 (14.5) 3 (17.6) 0.72

Infection 8 (9.3) 6 (8.7) 2 (11.8) 0.65

Trauma 6 (7.0) 4 (5.8) 2 (11.8) 0.39

Tumor 44 (51.2) 34 (49.3) 10 (58.8) 0.59

Other 14 (16.3) 14 (20.3) 0 (0.0)

Defect size in [cm2] (SD,
range)

117.8 (88.6,
12−504)

103.0 (73.5,
12−450)

178.2 (73.8,
25−504) <0.01

PPF size [cm2] (SD, range)
137.3 (85.1,

24−532)
132.8 (88.0,

24−532)
155.2 (71.6,

32−341) 0.10

Flap location (%)

Trunk 62 (72.1) 47 (68.1) 15 (88.2) 0.13

Lower limb 18 (20.9) 16 (23.2) 2 (11.8) 0.50

Upper limb 6 (7.0) 6 (8.7) 0 (0.0) 0.34

Operation time [min] (SD,
range)

177.6 (68.0,
80−480)

164.0 (59.0,
80−440)

232.9 (75.6,
127−480) <0.01

Flap rotation [degree] (SD,
range)

149.9 (35.0,
50−180)

147.1 (37.1,
50−180)

156.4 (29.8,
90−180) 0.53

Number of surgeries 2 (SD,
range)

1.7 (1.4, 1−8) 1.5 (1.1, 1−7) 2.3 (2.0, 1−8) 0.16

Major complications 3 (%) 27 (31.4) 22 (31.9) 5 (29.4) 0.32

Flap loss (%)

Partial 5 (7.2) 5 (7.2) 0 (0.0) 0.56

Complete 5 (5.8) 4 (5.8) 1 (5.9) 0.99

Total hospitalization [days]
(SD, range)

34.7 (15.7,
14−84)

32.5 (13.6,
15−61)

39.7 (19.7,
14−84) 0.31

Abbreviations: PPF, perforator propeller flap; 1 includes risk factors of diabetes, arterial hypertension, peripheral
artery disease, coronary heart disease, coagulation disorders, prior thrombotic events, obesity (BMI > 30 kg/m2),
radiation therapy, chemotherapy, and smoking; 2 with PPF surgery being the first surgery counted; 3 includes
postoperative complications that required surgical revision during the time of hospitalization.

3.2. Comparison of Single PPFs and Combined PPFs

Both groups had similar characteristics in terms of age (p = 0.34), sex (p = 0.79), PPF
size (p = 0.10), flap rotation (p = 0.53), total number of surgeries associated with flap surgery
(p = 0.16), and days of hospitalization (p = 0.31) (Table 2, Figure 2). Risk factors were
more frequent among patients undergoing combined PPF reconstruction (58.8% vs. 27.5%;
p = 0.02). Furthermore, tumors and pressure ulcers were the main causes for PPFs in both
groups with a shared proportion of 63.8% among single PPFs and 76.4% among combined
PPFs, respectively (Table 2). While most reconstructions were performed on the trunk,
this proportion was 88.2% among combined PPFs and 68.1% among single PPFs. Lumbar
artery perforator flaps (14.5% of single PPFs vs. 28.6% of combined PPFs), inferior gluteal
artery perforator flaps (13.0% of single PPFs vs. 21.4% of combined PPFs), and superior
gluteal artery perforator flaps (11.6% of single PPFs vs. 21.4% of combined PPFs) were
the most common flaps used among both groups (Table 3). Defect sizes of combined PPFs
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were significantly larger than they were among single PPFs (178.2 ± 73.8 cm2 vs. 103.0
± 73.5 cm2, p < 0.01) and mean operation time was significantly longer among combined
PPFs than those among single PPFs (164 ± 59 vs. 233 ± 76 minutes, p < 0.01) (Figure 2).
However, there were no significant differences in the occurrence of major complications
(31.9% (single PPFs) vs. 29.4% (combined PPFs), p = 0.32) as well as complete flap losses
(5.8% (single PPFs) vs. 5.9% (combined PPFs), p = 0.99). Table 2 provides a detailed
summary of the results.

Figure 2. Wilcoxon–Mann–Whitney test on continuous variables. (a) Age in years; (b) Total hospital-
ization in days; (c) Perforator propeller flap size in cm2; (d) Total number of surgeries starting with
PPF surgery; (e) Defect size in cm2; (f) Operation time in minutes (Abbreviations: PPF, perforator
propeller flap).
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Table 3. Flap distribution.

Characteristics Total Single PPF Combined PPF

No. of PPFs (%) 97 69 (71.1) 28 (28.9)

PPF type, No. (%)

Adductor perforator 5 (5.2) 3 (4.3) 2 (7.1)

ALT 5 (5.2) 4 (5.8) 1 (3.6)

ATA 3 (3.0) 3 (4.3) 0 (0.0)

AIA 3 (3.0) 3 (4.3) 0 (0.0)

PTA 5 (5.2) 5 (7.2) 0 (0.0)

Brachial artery 4 (4.1) 4 (5.8) 0 (0.0)

DICAP 7 (7.3) 4 (5.8) 3 (10.7)

IGAP 15 (15.5) 9 (13.0) 6 (21.4)

LICAP 3 (3.0) 2 (2.9) 1 (3.6)

Radial artery 3 (3.0) 3 (4.3) 0 (0.0)

SGAP 14 (14.4) 8 (11.6) 6 (21.4)

Lateral genicular artery 1 (1.0) 1 (1.4) 0 (0.0)

LAP 18 (18.6) 10 (14.5) 8 (28.6)

Posterior thigh perforator 2 (2.0) 2 (2.9) 0 (0.0)

Profound femoral artery 3 (3.0) 3 (4.3) 0 (0.0)

Pudendal artery 2 (2.0) 1 (1.4) 1 (3.6)

Thoracoacromial artery 2 (2.0) 2 (2.9) 0 (0.0)

Trapezius perforator 2 (2.0) 2 (2.9) 0 (0.0)
Abbreviations: PPF, perforator propeller flap; ALT, anterior lateral thigh; ATA, anterior tibial artery; AIA, anterior
intercostal artery; PTA, posterior tibial artery; DICAP, dorsal intercostal artery perforator; IGAP, inferior gluteal
artery perforator; LICAP, lateral intercostal artery perforator; SGAP, superior gluteal artery perforator; LAP,
lumbar artery perforator.

3.3. Univariable Binary Logistic Regression

We included independent variables we thought could be used for clinical decision-
making due to the prediction of major complications and that could be relatively easy to
be ascertained by clinicians without needing to undertake complex imaging or laboratory
measurements. We included independent variables of operation time, type of intervention,
PPF size, and defect size. Defect size was included in our analysis as broad categories
(<50 cm2 [reference], 50−99 cm2, 100−149 cm2, 150−199 cm2, and >200 cm2) under the
rationale that defect sizes are rather approximations than precise measurements due to
complex geometry and the unclear extent of many defects. Regression analyses revealed
that the type of intervention (OR: 0.95, 95% CI: 0.27−2.93; p = 0.29), the operation time (OR:
1.00, 95% CI: 1.00−1.01; p = 0.25) and the PPF size (OR: 1.00, 95% CI: 0.99−1.01; p = 0.15)
had no significant impact on the occurrence of major complications (Table 4). However,
we found a substantial higher probability of having major complications among defects
larger than 200 cm2 (OR: 8.50, 95% CI: 1.51−70.24; p < 0.01). To find out whether this was
true for both groups, we conducted subgroup analyses separately for single PPFs and
combined PPFs. Subgroup analyses revealed that there was a significant increase of major
complications in defects larger than 100 cm2 only in the group of single PPFs. However
due to little data, confidence intervals of the subgroup analyses were disproportionately
large. Consequently, we conducted an additional univariable binary logistic regression
analysis, which only considered defect sizes larger than 100 cm2. This analysis verified prior
results. Defects larger than 100 cm2 were significantly associated with an increased risk of
having major complications among single PPFs (OR: 2.82, 95% CI: 1.01−8.36; p = 0.05). In
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contrast, there was no increased risk among combined PPFs (OR: 0.30, 95% CI: 0.02−3.37;
p = 0.32). In fact, defects larger than 100 cm2 only proved to be a significant predictor of
major complications among single PPFs. Results of the regression analyses are shown in
detail in Table 4.

Table 4. Univariable binary logistic regressions of major complications among 86 patients.

Total PPF
(n = 86)

Single PPF
(n = 69)

Combined
PPF (n = 17)

Odds Ratio Odds
Ratio Odds Ratio

Characteristics (95% CI) p-Value (95% CI) p-Value (95% CI) p-Value

Intervention

Single PPF 1
[Reference]

Combined PPF 0.95
(0.27−2.93) 0.29

Operation
time (min)

1.00
(1.00−1.01) 0.25 1.00

(0.99−1.01) 0.80 1.01
(1.00−1.04) 0.33

PPF size (cm2)
1.00

(0.99−1.01) 0.15 1.00
(1.00−1.01) 0.50 1.01

(1.00−1.03) 0.11

Defect size
(cm2)

<50 1
[Reference]

1
[Reference]

1
[Reference]

50−99 3.97
(0.80−29.48) 0.17 6.85

(1.00−137.99) 0.13 1.00
(0.01−69.47) 0.99

100−199 4.25
(0.97−29.89) 0.08 10.00

(1.63−194.65) 0.05 0.17
(0.01−6.53) 0.58

>200 8.50
(1.51−70.24) <0.01 32.00

(3.05−850.50) 0.01 0.50
(0.01−17.47) 0.99

Defect size
(cm2)

<100 1
[Reference]

1
[Reference]

1
[Reference]

>100 1.88
(0.74−4.91) 0.18 2.82

(1.01−8.36) 0.05 0.30
(0.02−3.37) 0.32

Abbreviations: PPF = perforator propeller flap.

4. Discussion

While complete flap losses were rare events, we found a considerable prevalence
of major complications of 31.9% among patients that received single PPFs and 29.4%
among patients that received combined PPFs. Individual characteristics of sex, age, flap
location, flap size, arc of flap rotation, total number of surgeries, and total flap loss were
similar among the groups. Notably, defect sizes of combined PPF reconstructions were
substantially larger than they were among single PPF reconstructions. While the operation
time, the type of flap surgery, and the PPF size were not associated with the probability
of having an increase in major complications, the defect size was. Interestingly, this was
true for defects larger than 100 cm2 among single PPFs but not among combined PPFs. Our
findings have several important implications.

First, with a total flap loss of less than six percent, we have shown that combined PPFs
were a reliable and promising reconstructive approach in the reconstruction of large soft
tissue defects, which has thus far received little attention from a research perspective.
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Second, the propeller flap size, the operation time as well as the type of flap surgery
were not associated with a higher risk of having major complications among perforator
propeller flaps. This, however, is interesting since flap size and operation time are known
predictors for postoperative complications in free and regional flap surgery [24,25]. One
possible explanation why we did not observe more major complications among larger flaps
might be because most PPFs were performed on the trunk where perforasomes are usually
quite large and, thus, may guarantee adequate flap perfusion. Another explanation could be
the use of indocyanine green fluorescence angiography additional to clinical flap perfusion
assessment in critical cases. Prior research implies that this method can reduce the rate of
partial flap necrosis and improves flap survival through detection of insufficiently perfused
flap areas [23,26,27]. However, further studies are needed to understand the underlaying
factors of our findings. Additionally, our results showed that combined PPFs were as safe
as single PPFs regardless of the significantly larger defect size among combined PPFs.

Third, a defect size of more than 100 cm2 was a significant predictor of major com-
plications only among single PPFs, suggesting that surgeons should prefer combined
PPFs for the reconstruction of large soft tissue defects. This is an important finding since
free flap surgery constitutes the alternative approach that might require complex surgical
procedures, such as arteriovenous loops in order to provide adequate recipient vessels [28].

Fourth, the prevalence of major complications among combined PPF surgery is com-
parable to that reported among free flap surgery indicating that both options should be
weighed carefully against each other when it comes to the reconstruction of large soft tissue
defects [29–31]. For instance, due to microvascular anastomosis, free flaps require a longer
operation time as well as longer postoperative immobilization than PPFs. Thus, the use of
PPFs might decrease morbidity and mortality in selected patients [32–34].

Despite PPFs gaining popularity in recent years, research has mainly focused on
single PPFs which, however, have proven to be a reliable method with a low complication
rate [35,36]. Combined PPFs may allow reconstruction of extended defects and therefore,
extent reconstructive possibilities [37]. For instance, Scaglioni and colleagues reported
successful reconstruction of a large gluteal defect by a combination of two PPFs and a VY
advancement flap [38]. This supports our experience as we could demonstrate sufficient
reconstruction of the posterior trunk by a combination of two PPFs. Due to scarcity of
recipient vessels, this body region is often unsuited for free flap reconstruction [8]. However,
the combined PPF technique still is considered as a rescue strategy whenever established
reconstructive approaches were not suitable. Given that, we suggest further prospective
studies to specifically investigate the safety of combined PPFs in the reconstruction of large
soft tissue defects and to assess the implementation of combined PPFs in the daily routine
of reconstructive surgeons.

Although our results are promising, this study has several limitations. First, due to
the retrospective design and small number of cases, this study might be underpowered.
Second, we could only collect data documented in a patient’s digital chart. Third, we used
major complication rates of free flaps that were reported in the literature for comparison.
Patients included in those studies might not reflect our patients, which is why further
studies should aim for a prospective approach that include both, PPF and free flap surgery,
to avoid possible bias. Fourth, most of the patients included in our study received PPF
reconstructions on the trunk, which is why our results mainly account for this region of the
body. Even though it is likely that our results can be applied to any region of the body, we
strongly recommend further studies that specifically focus on the comparison of single and
combined PPFs on the upper and lower extremity.

5. Conclusions

Our study is the first to compare single and combined perforator propeller flaps in
terms of major postoperative complications. We could show that combined PPFs are not
just a reliable reconstructive option, but eventually presented fewer major complications
than single PPFs in the reconstruction of large soft tissue defects. Furthermore, major
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complication rates of combined PPFs were comparable to those among free flap surgery.
Consequently, combined PPFs should be considered as a first line technique in the recon-
struction of large soft tissue defects of the trunk. However, since combined PPFs require
a flexible surgical strategy and intraoperative decision-making is sometimes challenging,
we recommend proper training before implementing combined PPFs in a daily routine to
achieve reliable results.
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Abstract: Scars can lead to aesthetic and functional impairments. The treatment of scars requires
meticulous planning and an individually adapted therapeutic strategy. A conceptual algorithm for
scar treatment makes everyday clinical work easier for the practitioner and offers more safety for
the patient. Based on a retrospective analysis of 1427 patients who presented for treatment of a
variety of scars, we developed an algorithm for scar management and treatment. The treatments
are presented using case descriptions. Additionally, an electronic search of MEDLINE, EMBASE,
and ClinicalTrials.gov databases was performed utilizing combinations of relevant medical subject
headings for “scar treatment”, “hypertrophic scar treatment” and “keloid treatment”. Reference
lists of relevant articles and reviews were hand-searched for additional reports. Observed outcomes
included: conservative scar therapy, minimally invasive scar therapy, and surgical scar therapy using
local, regional and free flaps. With this work, we provide an algorithm for safe scar treatment. For
better understanding, we have described a clinical case for each algorithm modality.

Keywords: scar; scar therapy; algorithm; free flap; tissue transfer

1. Introduction

Despite preventative efforts made after trauma or surgical procedures, dermal wounds
will mostly heal by scarring with potentially devastating consequences e.g., emotional dis-
tress, deformity, and impaired quality of life. Patients suffering from scar tissue frequently
experience stigmatization and social distress, which marks the importance of the search for
efficient treatment in order to ameliorate scar tissue towards vital skin. An extensive num-
ber of techniques and treatment options exist for the management of scars. Nonetheless,
the increasing prevalence of scar tissue formation and its functional and aesthetic impact
remains a financial burden for the health care system. The global scar treatment market
magnitude is estimated to value approximately $32 billion by 2027 [1], highlighting that
scar management in the health care system will remain a significant challenge.

The concept of scar treatment ranges from simple conservative treatment options to
highly complex operations that must be planned individually for each patient. The most
important aim for scar treatment is the improvement of functional and aesthetical defor-
mities [2,3]. Additionally, in order to achieve aesthetically pleasing results, homogeneous
skin texture and pigmentation are essential, as well as soft tissue pliability for adequate
functionality e.g., of adjacent joints [4]. Despite the efforts of clinicians and researchers,
identifying successful scar treatments has remained elusive.

Currently, there is no evidence-based gold-standard treatment algorithm for the
treatment of functionally and aesthetically disruptive scars. This unsatisfactory knowledge
of scar treatment is based on the complex pathophysiology, lack of suitable model systems
for the evaluation of therapeutic outcomes, difficulties in quantifying changes in scar
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appearance, and the limited prospective, randomized controlled clinical trials of scar
treatment options. Thus, patient management has been driven by clinical experience
rather than adherence to a professional consensus. The last recommended algorithm was
described by Gold et al. in 2014 [5]. Mostly, conservative treatment algorithms were
described here without the incorporation of complex surgical scar treatment options.

We hereby present an algorithm for scar management in the clinical setting. Each
step of the algorithm is described using representative cases with simple to complex scar
therapy strategies. In this article, the concepts, the algorithm for scar management, and
an original catalog of indications that apply to treatments from conservative to complex
operative therapies are provided based on the German and international scar management
guidelines [6,7].

2. Patients and Methods

Based on retrospective data analysis of 1427 patients we developed an algorithm for
scar management and treatment. Furthermore, an electronic search of MEDLINE, EMBASE,
and ClinicalTrials.gov databases was performed utilizing combinations of relevant medical
subject headings for “scar treatment”, “hypertrophic scar treatment” and “keloid treat-
ment”. Reference lists of relevant articles and reviews were hand-searched for additional
reports. Observed outcomes included: conservative scar therapy, minimally invasive scar
therapy, surgical scar therapy using local flaps, and surgical scar therapy using regional-
and free flaps. The treatments are presented using case descriptions.

3. Results
3.1. Conservative Treatment Options

Conservative treatment procedures such as scar massage and compression therapy
using compression dressings or scar plasters containing silicone are gold standard therapies
to obtain flat, soft, and aesthetically acceptable scars [8]. Furthermore, for functional reha-
bilitation, physiotherapy and occupational therapy remain integral treatment pillars [4].
Naturally, scar tissue shows spontaneous improvement whilst maturing. Therefore, scar
revision usually will be performed after 6 to 12 months upon formation. However, con-
servative treatment modalities frequently will not yield satisfactory results and are often
limited with regard to sustainability in complex and extensive cases, leaving surgical
treatment alternatives necessary. Whether and when to perform surgical procedures is the
patient’s and doctor’s joint decision upon extensive medical education about treatment
alternatives and risks. The selection of an adequate surgical procedure itself remains a
highly individualized concept since it is in fact dependent on a variety of factors such as
the size of the scar, the texture of the skin, the anatomical region, and its pigmentation.
Prior to surgery, it remains crucial to evaluate the resolution of acute tissue inflammation.

3.2. Laser Therapy

Laser therapy depicts a safe and effective first-line therapy in the management of
traumatic scars and contractures. Early laser treatment may aid in minimizing pathological
scar formation and associated disability [9]. In the treatment of hypertrophic scars, ablative
lasers (10,600-nm), CO2 lasers, and the 2940-Er:YAG lasers, are frequently used [10]. The
main goal of this treatment option is to destroy collagen and promote new collagen growth.
However, treatment with ablative lasers can lead to prolonged downtime, edema, persistent
erythema, keloid formation, and pigment disorders [11]. Non-ablative lasers, which also
cause collagen remodeling, have fewer side effects compared to ablative lasers. Due to
the superior degree of extracellular remodeling, ablative lasers generally achieve superior
outcomes than non-ablative lasers. The introduction of fractional CO2 lasers has facilitated
reduced ablative resurfacing that allows for corrections of scar surface irregularities and
pliability, as well as dermal collagen reorientation in all skin types. Unlike non-ablative
lasers, these CO2 lasers rely on a filtering system that produces microfractioned laser beams,
that allow for local tissue damage with resulting ablation of the epidermis. The damaged
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tissue areas show spontaneous healing within 48 hours and subsequent tissue remodelling
leads to flattening of scars and surface irregularities and collagen reorganization [12].

3.3. Triamcinolone Injections

Hypertrophic scars and keloids depict a special challenge in scar treatment. Tri-
amcinolone acetate injections have been demonstrated to be effective short-term. Their
intralesional application remains one of the most widely used treatments. Causing a re-
duction of collagen synthesis through fibroblast hypoactivity and a reduction in fibroblast
density presumably derives their efficacy. Apart from this, triamcinolone seems to cause a
decrease in endothelial bud formation from blood vessels [13]. Still, recent studies have
shown, that up to 50% of keloids show no response to triamcinolone injections and may
show significant relapse upon initial response [14,15]. Besides, an array of side-effects
e.g., telangiectasia and tissue atrophy have been described which should not be underesti-
mated [16]. Alternatively, the incorporation of verapamil and 5-Fluoruracil may produce
superior results for medium- and long-term treatments with a reduction of given side-
effects [17]. Recent clinical studies have shown that in comparison with intralesional
triamcinolone treatment, combination treatment with triamcinolone and 5-fluorouracil was
more effective in keloid and hypertrophic scar treatment and allowed for more significant
improvement in erythema, scar height, observer assessment, and patient self-assessment.
Additionally, the combination therapy offered easy administration, greater patient safety,
and a reduced rate of recurrence [18]. Further studies have assessed the efficacy of oral
medication on scar tissue treatment. A recent experimental study investigating the effec-
tiveness of enalapril, candesartan, and intralesional steroid therapies in rabbits has shown
that all treatment modalities were effective in the reduction of scar tissue development,
whilst the best macroscopic results were obtained by triamcinolone treatment and the best
microscopic results were obtained by enalapril and triamcinolone [19].

Case Report

A 25-year-old female patient presented with a hypertrophic scar in the area of the
décolleté, which had occurred after a scratch injury sustained during her childhood. Ex-
ternal keloid excision was performed at the age of 15 years, whereupon a scar keloid
formed again. We performed triamcinolone injections in three sessions and applied silicone
patches, after which the scar texture improved significantly (Figure 1).
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treatment.

3.4. Lipofilling

Autologous fat grafting as a treatment for scars includes lipofilling procedures. These
are particularly indicated for patients with painful, hypertrophic, or retracted scars. The
technique is usually performed under general anesthesia and is based on autologous
fat extraction (i.e., abdominal fat). Upon fat processing, the injection of the remaining
adipose tissue occurs in the hypodermis under the scar. In general, lipofilling procedures
can be regarded as minimally invasive procedures that can contribute to a reduction of
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tension in scar tissue. Besides, the cosmetic appearance of a scar can be improved [20]. A
disadvantage of the free fat transfer is the physiological reabsorption ranging from 10–70%
of the initially injected fat grafting. Therefore, multiple sessions of fat transfer might be
necessary, and permanently stable outcomes cannot be guaranteed. The technique cannot
be performed in malnourished patients as fatty areas are needed for liposuction [21].

Case Report

This 46-year-old patient had breast ablation on the left side after breast cancer. After
an unsuccessful attempt to reconstruct the breast using a deep inferior epigastric perforator
(DIEP) flap, the patient’s left breast was reconstructed using a superior gluteal artery
perforator (S-GAP) flap. The patient developed a retracted scar at the donor site which was
painful and visible (Figure 2A). We proposed a lipofilling procedure and explained that
multiple lipofilling might be necessary for a satisfactory aesthetic outcome. We performed
the first lipofilling procedure (application of 337 mL, thigh liposuction). The patient was
satisfied after the first complected procedure (Figure 2B). Therefore, no further lipofilling
procedures were required.
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Figure 2. (A) Preoperative donor site scar after S-GAP flap harvest for breast reconstruction,
(B) 3 month postoperative outcome after lipofilling.

3.5. Medical Needling

Based on the principle of percutaneous collagen induction, medical needling consists
of applying needle rollers with pressure on the target area, causing an array of microwounds
in the dermal layer. The procedure that can be performed under local or general anes-
thesia is supposed to trigger a posttraumatic inflammatory cascade whilst preserving the
epidermal structures and thereby allowing skin regeneration and collagen formation [22].
Particularly the increased expression of growth factors, e.g., vascular endothelial growth
factor (VEGF) and tissue growth and transforming factor (TGF-ß) is a key component of
the treatment’s effect. Besides, the proliferation of dermal cells, which are crucial for skin
remodeling, is initiated [23]. Apart from this, by triggering the reorganization of the extra-
cellular matrix, the thickness of the epidermis can be shaped [24]. As an effective treatment
modality for rejuvenation procedures and the treatment of wrinkles, it has advanced to
a reliable method for larger scar tissue areas, which unlike laser and topically ablative
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treatments does not damage the epidermis. Therefore, medical needling sessions can be
performed multiple times to yield optimal results.

Case Report

An 18-year-old patient suffered a car accident, sustaining 2b-3◦ burns to the left side
of her face and décolleté. During the course of intensive medical therapy at our burn center,
multiple necrectomies and split-thickness skin grafts were performed to reconstruct the
burned areas. During the process, hypertrophic scarring occurred in the area of the left
eye, face, and décolleté, which was associated with pain and limitation of the facial field.
Initially, we performed three medical needling sessions in a row in 2017, which resulted
in an improvement of the scar appearance due to collagen induction. Subsequently, in
2019, we were able to treat the visual field restriction using canthotomy and canthopexy on
the left eye, as well as scar transection and full-thickness skin grafting. In the area of the
décolleté, thoracic scar resection could be performed by means of expander treatment in
2019 and the reduction of the scar could be achieved (Figure 3).
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3.6. Skin Grafting

Skin grafts provide many functional and aesthetic benefits when it comes to tissue
repair. Paramount in skin grafting is the choice of split- or full-thickness grafts and choosing
a sufficient texture and pigmentation match for the recipient site [25]. Whilst full-thickness
grafts are particularly beneficial for covering facial defects after scar excision due to minimal
skin contraction, split-thickness grafts are preferred when large defects need coverage and
in areas in which skin contraction is favorable to some degree for defect size reduction [26].

The meshing of skin grafts additionally may be beneficial for instance by allowing a
reduction of donor-site morbidity, by the expansion of the skin graft, and by avoiding fluid
retention in infected recipient-sites [27].

3.7. Dermal Regeneration Templates (DRT)

Dermal templates are used when split-thickness skin grafts are not sufficient for
the reconstruction of tissue defects. They provide a scaffold, which promotes tissue
regeneration, immediate wound closure and depicts a physical barrier to prevent wound
infections [28]. Advantages include the restoration of the skin’s pliability and mobility
whilst providing sufficient sturdiness [28,29]. Types of DRTs include products derived from
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animal and human sources as well as scaffolds that have been artificially constructed of
highly purified biomaterial or entirely synthetic polymers. For scars developing following
large burn injuries, synthetic polyurethane dermal templates such as Integra (Life Sciences
Corp., Princeton, NJ, USA) or NovoSorb Biodegradable Temporising Matrix (Polymedics,
Denkendorf, Germany) have been established to address the lack of autologous skin to
graft and to restore the dermal skin layer [30]. Integra presents a decellularized dermal
template derived from animal sources and consists of purified collagen from bovine tendons
crosslinked with glycosaminoglycan obtained from shark cartilage and may be supplied
with a removable silicone layer that functions as a temporary epidermis [30]. In contrast,
BTM is a fully synthetic dermal template which consists of biodegradable polyurethane
foam with a temporary non-biodegradable polyurethane seal [31]. Compared to Integra,
BTM evades the risk of cross-species immune rejection or disease transmission, as well as
circumvents ethical and cultural objections to using animal-derived products [28].

BTM application has shown to be successful in improving scar quality upon applica-
tion and limiting wound contraction significantly [32,33]. Its reconstructive possibilities
can be used for a variable range of tissue defects that are not responsive to instant skin
grafting. Key advantages are the vascularization and integration of the template even
in the presence of infection, thereby allowing an application in patients with an array of
comorbidities [34].

Case Report

A 79-year-old woman with a deep burn injury scar on the right lateral thigh was
referred to our center. She had suffered from a scalding injury in her early childhood.
The initial injury was treated conservatively. In 2017, the patient underwent surgical
excision of keloids in the formerly burned area. Subsequently, she developed a wound-
healing deficit and wound dehiscence. The following treatment comprised of wound
debridement, scar excision, and primary wound closure shortly after. Three-months
postoperatively, the patient had presented with a recurrent wound dehiscence that was
surgically revised by wound debridement and skin advancement flap. After 14 days, the
wound had healed sufficiently. The representation of the patient occurred three years
later with a flap skin dehiscence. Sufficient healing could not be achieved by conservative
treatment with disinfecting topicals. Additionally, the patient described an uncomfortable
and painful feeling of tension in the formerly burned areas. Physical examination showed
a predominantly non-irritated extensive scar area of approximately 20 × 10 cm on the
lateral aspect of the right thigh with scar tissue extending into the gluteal and trochanter
region. On the latero-proximal border of the scar was an approximately 3 × 1 cm sized
wound dehiscence. We performed another wound debridement and opted for extensive
scar excision and application of Novosorb BTM. Efforts were made in order to ensure
sufficiently vascularized subcutaneous tissue. The wound was sealed by vacuum-assisted
closure (VAC) dressing. On days 8 and 16 the patient was taken back to theater for BTM
evaluation and VAC dressing change. On day 21 we performed the surgical delamination
of the BTM. It showed full adhesion to the underlying wound bed. We went on to perform
split-thickness grafting over the delaminated BTM. At 1-month follow-up, the reconstructed
area presented with a natural appearance with flexible skin and minimal skin contraction.
The uncomfortable feeling of tension was fully regressive, and the patient’s mobility was
fully preserved. Post-dressing removal, we initiated physiotherapeutic rehabilitation for
flexibility and endurance (Figure 4).

3.8. Local Flaps

Local flaps, such as Z-plasties, can be performed in order to achieve reorientation
of scar tissue and to position it further into relaxed skin tension lines. Surgically it is
accomplished by performing a double transposition local flap, positioning the central
limb of the Z-platy perpendicularly to the former scar [35]. Advantages also include the
breaking up of scar tissue resulting in an irregularization, which renders scar perception
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less conspicuous. Presumably, the Z-plasty’s variety of tension vectors may aid in the
prevention of scar contraction and hypertrophy.
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For extensive scars, Z-plasties can be performed with multiple and continuous inci-
sions. Disadvantages that go in hand with performing Z-plasties include the increase of
the scar’s lengths as well as the addition of scar lines, which partially cannot be positioned
within relaxed skin lines.

Case Report

The patient suffered a severe childhood burn affecting the trunk, thighs, and right
upper arm including the axilla (30% total body surface). The initial therapy consisted
of necrosectomy with skin grafting. Further, three sessions of medical needling were
performed to improve the scar pattern. The patient presented to our special consultation
hour complaining about a hypertrophic scar with local contracture in the right axilla.

During clinical examination the patient was unable to abduct his right shoulder >90◦

due to contracture of a hypertrophic scar measuring approximately 30 cm. Operative
resection of hypertrophic scar tissue was performed under general anesthesia. Wound
closure was performed using Z-plasties in order to achieve a free range of motion of the
right shoulder. Postoperatively the patient received a Gilchrist sling for seven days and
was discharged after four days.
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The patient returned to our consultation hour three months postoperatively. The scar
healing was smooth with no hypertrophic areas. Range of motion for the right shoulder
was without any restriction in all planes (Figure 5).
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3.9. Expander

Advantages of gaining skin and soft tissue using expanders include suitable aesthetic
results due to the superior skin quality and color match and no donor-site morbidity.

They are usually used for reconstruction in the area of the scalp, face, chest, and
extremities. The soft tissue obtained by expanders can also be used as a pedicled flap to
cover defects of the head, neck, or face area. For this purpose, pre-expanded supraclavicular
flaps or super thin posterior thorax flaps can be used, too [36]. However, the practitioner
should be aware that the expander can severely limit the functioning of the patient, cause
pain, and cannot be tolerated by all patients. In case that all above-mentioned options are
not applicable, free flaps are indicated to cover the tissue defect after scar excision [37].

Case Report

The patient suffered a scalding injury by boiling water affecting the chest with contrac-
ture of the upper pole of both breasts 20 years ago. Previously, multiple sessions of medical
needling were performed in our clinic. However, the patient complained about a persisting
hypertrophic scar contracture. An area of hypertrophic scar tissue measuring 10 × 12 cm
was identified. Due to scar contracture, the upper breast poles were drawn upwards.

In order to achieve distension of fibrous scar tissue, two subcutaneous expanders (55 mL
each) were placed presternally using a horizontal incision. The expanders were explanted
two months postoperatively. During the same surgery, the hypertrophic scar area was
resected completely, and wound closure was achieved using a V-shaped advancement flap.

The patient was satisfied with the functional and aesthetic result. Further on, a local
lipofilling was performed to improve the local scar condition (Figure 6).

3.10. Vascularized Flaps

Regional flaps such as vascularized pedicled fasciocutaneous or myocutaneous flaps
are applied if there is a lack of adjacent tissue to cover the defect after scar excision [38,39].
Due to the complexity of these operations and the risk of donor-site morbidity, regional
flaps are only indicated in cases of severe functional or aesthetic impairment. The most
commonly used pedicled flaps include groin flaps for covering defects in the hand area or
transverse rectus abdominis myocutaneous (TRAM) flaps for covering tissue defects in the
lumbar and hip areas. In the case of the inguinal flap, it should be noted that a two-stage
surgical treatment is necessary. Multistage treatment strategies e.g., serial scar excisions
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tissue expander are indicated if the expanded soft tissue has better quality compared to
other options and the patient does not mind undergoing multiple interventions [36].
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Case Report

The patient had breast cancer (right side) in 2011. She got neoadjuvant chemotherapy
(Epirubicin) via a port catheter. During the first cycle of chemotherapy, the patient suffered
from an extravasate. However, no surgical therapy was needed, and the tissue was healing.
After completion of all chemotherapy cycles, the patient got a breast-conserving surgical
treatment, an axillary lymph node dissection (level 1 and 2) and radiation. Subsequently,
the port got removed and the patient suffered from a wound-healing disorder. Multiple
surgical wound debridements were performed including VAC-therapy and the application
of a split-skin graft. However, the patient developed a massive and painful scar contracture
in the chest area. The scar was excised and a musculus latissimus dorsi pedicle flap was
performed. As the pedicel flap was prominent over the skin level, the patient received
liposuction of the pedicle flap. The patient further got physiotherapy and conservative scar
treatment. Because of a relieving posture, the patient developed a shoulder contracture in
2018 and needed physiotherapy on a regular basis. (Figure 7).

3.11. Free Tissue Transfer

Due to technical advances in medicine and the improvement of microsurgical op-
erating techniques, free tissue transfer has emerged as one of the most effective therapy
methods for large wounds. Because of the better understanding of the free flap plasty, e.g.,
flap geometry, blood supply, and flap delay, new options were created to provide a wide
range of tissue that could be transferred to the most distant locations of the human body.
All types of tissues, including bone, tendon, muscle, fascia, fat, and skin can be used as free
tissue transfer (Table 1). The pattern of the vascular supply determines the size, design, and
thus the individual requirements for covering tissue defects. If there is no recipient vessel
available e.g., in case of vascular diseases, severe scarring or irradiation, venous grafts or
arteriovenous loops can be applied to provide recipient vessels for free flaps [36]. Due to the
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anatomical variations, the flap architecture and its vascular pattern are variable. Therefore,
an initial magnetic resonance imaging (MRI) or computed tomography (CT)-angiography
could help to develop an adequate strategy for applying free tissue transfer. Profound
anatomical knowledge about the muscle origin, its insertion as well as vascular supply
like perforator location or location of recipient’s vessels is essential to provide the right
indications for a free flap. We provide a systematic approach of free flaps regarding tissue
requirements after scar excision (Table 1).
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Table 1. Free flaps regarding tissue requirements after scar excision.

Flap Type Included Tissue Examples Blood Supply Size

Arterial Skin, subcutis and
fascia

Radial arm flap Radial artery 8 × 16 cm

Dorsalis pedis flap Dorsalis pedis artery 3 × 7 cm

Muscle or
myocutaneous Skin, subcutis, muscle

Latissimus dorsi Thoracodorsal artery Muscle: 20 × 40; Skin:
12 × 20

Rectus abdominis Superior or inferior
epigastric artery

Muscle: 25 × 6 cm Skin:
large traverse or
vertical paddle

Fascial, adipofascial
and fasciocutaneous

Skin, subcutis, fascia

Serratus fascia Serratus branch of
thoracodorsal artery 12 × 16 cm

Parascapular flap
Descending branch of
the circumflex sapular

artery
15 × 25 cm

Perforator Skin, subcutis and
scubcutaneous fascia

Anterolateral thigh flap

Septocutaneous
perforators from

descending branch of
the lateral femoral
circumflex artery

8 × 25 cm

Deep inferior epigastric
perforator flap

Deep inferior epigastric
artery

Variable skin paddle,
similar size to TRAM

Specialized
Sensor tissue,

differentiated structure
and texture

Wrap around flap First dorsal metatarsal
artery Big toe

Composite tissue
allografts No blood supply e.g., finger tip

3.11.1. Case Report 1

In 2003 the patient suffered from necrotizing fasciitis. Subsequently, the patient got
a split-skin graft. However, the patient developed a fragile and painful scar on the left
lower leg. In May 2013 the patient received a musculus latissimus dorsi free flap (MLD)
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after excision of the scar. Postoperatively, a small part of the free flap got necrotic. A
debridement and removal of the necrotic tissue was necessary. However, a secondary
wound closure was not possible, and a full-thickness skin graft and VAC-therapy were
applied in June 2013. After VAC-therapy, another full-thickness skin graft was needed. In
November 2014, lipofilling between the MLD and the split skin graft was performed. In
September 2018, the patient suffered from a minor trauma at the lower leg and needed
another split skin graft. Afterwards, the patient was satisfied and experienced no further
complications (Figure 8).
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3.11.2. Case Report 2

A 59-year-old patient suffered from multiple traumas including a femur fracture, ankle
fracture type Weber B on the right side, commotio cerebri, and soft tissue defect anterior to
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the left thigh. The fractures were treated by trauma surgeons and the soft tissue defect was
covered using a skin graft. Three years later the patient presented to our clinic with a scar
in the area of the split-thickness skin graft. Since the skin graft was attached directly to the
muscle, the scar was concerning functionally and aesthetically. To adequately reconstruct
the soft tissue of the left thigh, the scar was excised and the wound was subsequently
covered using a free DIEP flap. However, the flap developed marginal necrosis. After
debridement of the necrosis, the remaining defect was covered using a split-skin graft.
1 year later the DIEP flap was thinned out, followed by a liposuction of the flap to improve
contour. Finally, the flap and its adjacent area were aligned using liposuction (Figure 9).
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4. Discussion

The prevalence of scar tissue formation is on the rise. However, successful scar
management has still remained elusive for many clinicians in light of a broad array of
possible treatment modalities and the continuous evolution of new therapeutic options.
Multiple well-established therapeutic modalities to treat scars have been described and
treatment advances have allowed us to improve aesthetic and functional deficits due
to scars. Efficient comprehensive scar treatment frequently incorporates conservative
measures, physical therapy, injection of corticosteroids and antimetabolites, laser treatment,
and surgical options. Based on our clinical experience with the presented scar treatment
modalities, we have attempted to compose a treatment algorithm for the management of
scars, in the hope that this paradigm will aid clinicians in their treatment evaluation. Based
on the considerations depicted above, we present an extensively applicable algorithm for
the treatment of a variety of scars (Figure 10).
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Figure 10. Algorithm for the treatment of scars.

During the initial consultation, we firstly aim to inform the patient of all the possi-
ble treatment options and their realistic outcomes. Early on, we highlight the frequent
requirement of several treatment sessions and the possibility of remnants or recurrence
of scar tissue. In general, patients presenting with scars prior to full scar maturation
(12 months postoperatively/after trauma) are advised to take full advantage of available
conservative treatment options comprising of scar massage, the application of silicone
sheets and compression dressings. Particularly with an early application, this may aid
in optimizing the aesthetic factor of scars and may render further treatment modalities
unnecessary. Upon scar maturation and absence of scar regredience, scar re-evaluation
takes place. In the case of remaining aesthetic impairments or hypertrophic scars, the
application of laser therapy or corticosteroid injections may be a viable treatment option.
For larger scar areas, such as post-burn scars or extensive self-injury scars, medical needling
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may be a promising treatment option, despite its invasiveness and the need for regional
or general anaesthesia. Patients presenting with keloids usually undergo intralesional
keloid excision and triamcinolone and antimetabolite injection. In our clinic, postoperative
radiotherapy has been an integral step postoperatively to help minimize keloid recurrence.

In case of extensive functional deficits resulting from the scar tissue, we recommend
scar excision and subsequent primary wound closure, when feasible. To reduce tension
on the new scar, Z-plasties or skin grafts may need to be performed. Adhering to the
principles of the reconstructive ladder, larger defects resulting from scar excisions will have
to be addressed by local, regional or free flaps.

Naturally, patient education remains an integral part of the joint decision-making
process throughout each step of the algorithm and all therapeutic measures should be
based on a highly individualized approach to the patient’s impairments and wishes. In
clinical practice, the therapeutic endpoint is mostly based on patient satisfaction regarding
scar improvement. Evidence-based therapeutic concepts should remain an integral part of
the decision-making process as well as patient-dependent parameters.
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Abstract: Peripheral nerve injuries are a common clinical problem. They not only affect the physical
capabilities of the injured person due to loss of motor or sensory function but also have a significant
impact on psychosocial aspects of life. The aim of this work is to review the interplay of psychosocial
factors and peripheral nerve lesions. By reviewing the published literature, we identified several
factors to be heavily influenced by peripheral nerve lesions. In addition to psychological factors
like pain, depression, catastrophizing and stress, social factors like employment status and worker’s
compensation status could be identified to be influenced by peripheral nerve lesions as well as
serving as predictors of functional outcome themselves, respectively. This work sheds a light not only
on the impact of peripheral nerve lesions on psychosocial aspects of life, but also on the prognostic
values of these factors of functional outcome. Interdisciplinary, individualized treatment of patients
is required to identify patient at risk for adverse outcomes and provide them with emotional support
when adapting to their new life situation.

Keywords: peripheral nerve injury; psychosocial factor; nerve repair; neuroma; brachial plexus
injury; compression neuropathy; pain; depression; disability; quality of life

1. Introduction

Peripheral nerve injuries (PNIs) have annual incidence rates in the USA of 43.8/1,000,000
for PNIs of the upper extremities [1] and 13.3/1,000,000 of the lower extremities, respec-
tively [2]. PNIs often have disastrous sequalae on the affected patients’ qualities of life,
especially in case of major nerve injuries and often required long and elaborate rehabilita-
tion [3]. Therefore, surgical treatment options to restore sensibility and muscular function
as well as to relieve pain are subject of a plethora of clinical and preclinical research ef-
forts [4–8]. In addition to research efforts to deepen under understanding of the peripheral
nervous systems anatomy, as well as the neurobiological and pathophysiological aspects of
PNIs [9], novel treatment options and concepts are rapidly evolving in the wake of refined
microsurgical techniques [10]. In addition to advances in neurobiological, anatomical
and (micro)surgical aspects, the current body of knowledge regarding epidemiology of
PNIs is also steadily evolving. About 25 years ago, Noble was one of the first to publish
epidemiological data concerning PNI in patients with multiple injuries seen at a regional
Level 1 trauma center [11] and in recent years, large multicenter studies have contributed
to our knowledge and understanding of the epidemiology of lower and upper extrem-
ity PNIs [12,13]. Representative patients’ characteristics and socioeconomic sequelae of
PNIs have recently been described by Bergmeister and colleagues, approaching another
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important perspective of research regarding surgical treatment of peripheral nerve lesions.
According to their observations in a study sample of 250 patients with 268 PNIs, acute
in-patient treatment costs for upper extremity nerve damages ranged between 2650€ and
5000€ [14]. Although the overall incidence of PNI has decreased in recent year, treatment
costs are steadily increasing [1,2].

The severity of PNIs and postoperative functional outcomes are usually assessed
by quantitative biomedical measures and postoperative evaluations of strength, sensory
function, and range of motion [15,16]. However, research shining a light on the psychosocial
aspects of such injuries is yet sparse [17,18]. Psychosocial factors have been defined as
“characteristics or facets that influence an individual psychologically and/or socially”
by Thomas [19]. Their role has been extensively studied and reviewed in diseases and
conditions such as extremity trauma [20,21] or isolated hand injuries [22–24]. It was also
shown that negative emotions prior to surgery are associated with adverse pain outcomes
and postoperative disability [25–29]. Besides psychological aspects, the social impact
of upper extremity injuries, e.g., predictors of return to work in patients suffering from
work-related injuries has been addressed before in regard to other trauma, e.g., hand
lesions [30,31]. It has also been demonstrated that the ability to return to work after
traumatic injury does not only depend on physical capability and health but also by other
aspects including psychosocial factors like psychological distress, personal income, the
educational level of the injured person or the presence of a strong social network [32–34].
There is yet no comprehensive review summarizing the interplay of psychosocial factors
with peripheral nerve injury and functional outcome following surgical treatment of such
lesions. Therefore, it is the aim of this work to compile the current body of knowledge to
provide surgeons, hand therapists, occupational therapists and other disciplines involved
in the treatment of peripheral nerve injuries with another perspective on psychosocial
aspects of peripheral nerve injuries to enable an even more holistic treatment approach.

2. Methods

To gather eligible studies, a literature search on PubMed was performed using the
search terms “peripheral nerve”; “peripheral nerve injuries”; “psychosocial “and “psy-
chological”. This yielded 95 results. After removal of duplicates, 90 papers remained
for eligibility screening. Both original work and review papers were deemed fitting for
discussion in this work. After removal of studies and reviews which addressed topics not
related to our research questions and further reference screening of eligible work, 30 papers
remained to be included in this review.

3. The Psychosocial Impact of Peripheral Nerve Lesions

Uvarov was among the first to publish his hypothesis that negative emotions are
involved in the pathogenesis of peripheral nervous system disorders in Russian in the year
1971 [35]. However, the topic remained of little interest for the scientific community in
the following years and decades. More than thirty years after Uvarov published his work,
Jaquet et al. conducted a retrospective chart review of 107 patients with either median
nerve injury, ulnar nerve injury, or combined injuries of both nerves. 94% of these patients
experienced early psychological stress following nerve trauma. More than a third of the
affected patients reported psychological symptoms of clinical depression. The authors
found that combined nerve injuries had a significantly higher risk for early psychological
stress following trauma when compared to isolated injuries of either the median or ulnar
nerve. Severe psychological distress as assessed by means of the Impact of Event Scale (IES)
was associated with more severe functional deficits, mean time off work and motor recovery.
Additionally, patients with higher psychological stress had an Odds ratio of 3.32 for long-
term incapacity for work. A higher education level was identified as a protective factor
in regard to psychological distress following nerve injury [36]. Ultee’s group reproduced
these findings in a prospective study which evaluated early posttraumatic psychological
stress in 61 patients with either isolated or combined injuries of the median and ulnar nerve.
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The aforementioned authors found that >90% of patients experienced psychological stress
one month postoperatively and about a fourth required psychological treatment based on
their IES scores. Three months postoperatively, psychological stress was still reported by
more than 83% of the patients, and around 13% qualified for psychological treatment. The
authors identified a correlation of female gender, adult age, and combined nerve injuries
with the occurrence of psychological stress symptoms 1 month postoperatively [37]. In
regard to the impact of single or combined nerve injuries on the affected patients’ work
lives, Bruyns and colleagues analyzed potential predictors for return to work in 81 patients
with median and/or ulnar nerve injuries in a retrospective study. Within a year after injury
59% of the patients returned to work after a mean time of work of 31 weeks. While 8 out
of 10 patients with median nerve lesions were able to resume their work, this applied to
less than 6 out of 10 and less than 3 out of 10 patients in the groups with ulnar nerve and
combined nerve lesions, respectively. The ability to return to work (RTW) was significantly
associated with the educational status of the participants and high rates of RTW were
found in patients with white-collar employment, in comparison to those with blue-collar
employment. Compliance to hand therapy was also found to result in odds ratio of 3.5
for RTW following nerve injury and repair [34]. Novak’s group studied 158 patients who
suffered from peripheral nerve injuries in the upper extremity and evaluated potential
biomedical and psychosocial factors which correlated with disability. They found that
patients who received worker’s compensation, were involved in litigation or who were
unemployed had significantly more severe disabilities of the affected extremity than their
counterparts. These disabilities which were assessed by the Disabilities of Arm, Shoulder
and Hand Questionnaire (DASH) score showed a significant correlation with the level
of pain in these patients. In regard to potential predictors for post-injury disabilities,
pain intensity, cold sensitivity, pain catastrophizing score, depression, employment status,
worker’s compensation and potential ongoing litigation were identified [18]. To summarize
all aforementioned authors’ findings, patients with combined median and ulnar nerve
injuries are at higher risk for psychological stress and also not return to work as compared
to patients with single site nerve lesions. Additionally, patients who report high levels
of injury-related neuropathic pain, suffer from depression, are unemployed or have an
ongoing lawsuit are also at higher risk for post-injury disability.

Besides the number of injured nerves, another point to consider in regard to the
psychosocial impact is the severity of the respective lesion. In 2009, Bailey et al. aimed to
evaluate the relationship between the degree of nerve damage in the upper extremity and
psychosocial parameters such as activity participation, perceived quality of life (QoL), pain,
and depression. Two individual groups were analyzed, one with compression neuropathies
(n = 25), the other suffering from traumatic PNI of the upper extremity (n = 24). The authors
observed that their study cohort of 49 individuals have given up about a fifth of their daily
activities prior to their initial surgeon consultation and a significantly greater activity loss
was observable in the group with traumatic PNI. Especially high-demand leisure activity
such as physical exercise was reduced by almost 50% in the nerve injury group while
social activities were reduced to 82%. In the group with compression neuropathies, leisure
activities decreased by 30% and social activities were reduced to 87%, respectively. Pain
intensity was reported as moderate among the studied patient sample with no significant
differences between groups. The overall ratings for physical and psychological qualities
of life were under average and almost 40% of the studied patients suffered from signs of
depression secondary to the nerve damage. Interestingly, the cut-off for clinical depression
was transgressed in the group with traumatic nerve injury only, but this difference was
not statistically significant. Correlation analysis revealed a strong association between
activity loss on the one hand and higher levels of depression as well lower perceived
QoL on the other hand. Higher level of depression did also strongly correlate with lower
perceived QoL. More severe pain was moderately associated with higher depression scores
but only a weak correlation was found between the former and QoL. Interestingly, no
correlation was observable between pain severity and physical QoL following peripheral
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nerve damage. In summary, more than 60% of the observed variance could be predicted
by means of the two factors depression and activity participation, indicating that these
two factors could be addressed as potential targets to improve the QoL in patients with
upper extremity nerve damage, regardless of its genesis. However, it must be noted that
the authors did not assess the manifestation of depression or other psychosocial factors
prior to nerve damage, a potential confounder for the observed results [38]. Aiming to
further differentiate the psychosocial impact of different types of nerve injuries, e.g., sin-
gle site compression neuropathies from more complex pathologies like brachial plexus
injuries and neuromas, Mackinnon’s group performed a retrospective chart review of
490 patients presenting to their department between 2010 and 2012. The divided their
patient sample into seven groups in accordance with their respective diagnosis: 1. Brachial
plexus injuries; 2. Thoracic outlet syndrome (TOS); 3. single compression neuropathy;
4. dual compression neuropathy; 5. ulnar nerve lesions other than cubital tunnel syndrome;
6. compression mononeuropathy in the lower extremity and 7. neuroma. To distinguish
between motor deficits due to compression of the common peroneal nerve and sensory
disturbances caused by compressions of the cutaneus branches or the superficial or deep
peroneal nerve, the sixth group was further subdivided. The authors reported a statistically
significant difference regarding the pain-related decrease of QoL which was more severe in
patients suffering from TOS, neuroma, or compression neuropathies of the superficial and
deep branch of the peroneal nerve when compared to patients suffering from compression
mononeuropathy in the upper extremity. Patients in the neuroma subgroup also reported
significantly more stress at home as well as at work when compared to the patients with
single compression mononeuropathies. Patients with dual compression neuropathies had
reported higher stress levels and a decreased ability to cope with stress at work. Other
factors which were identified as negative predictors for a significant decrease in QoL were
female sex, smoking and anti-alcoholism. Female sex and anti-alcoholism were also associ-
ated with higher pain intensities. In regard to the reported stress-at-home, significantly
higher levels were reported by female patients. Non-alcoholics had an increased risk for
reduced coping abilities and higher stress-at-work levels [17]. Stonner, Mackinnon and
Kaskutas conducted a retrospective cross-sectional study, including 627 patients with nerve
disorders of the upper extremity. In the style of the aforementioned study conducted by
Wojtkiewicz [17] patients were grouped based on the nerve disorder they were diagnosed
with. The seven groups were categorized as follows: 1. lesions of the median nerve;
2. lesions of the ulnar nerve; 3. lesions of the radial nerve; 4. proximal lesions of either
the axillary, long thoracic, suprascapular, or musculocutaneous nerve; 5. compression
neuropathies of at least two different nerves; 6. TOS; 7. brachial plexus injuries. The
authors found little difference in regard to post-injury work status when comparing the
seven different groups with the exception of patients suffering from brachial plexus injuries.
In this group only a fourth of the patients continued to work in their respective jobs on
a daily basis and almost half of all patients did not work at all. More than ten percent of
the entire study population of 627 received worker’s compensation and more than half
of these patients did not return to work. These participants reported significantly higher
levels of depression and higher stress at home when compared to patients which did not
receive worker’s compensation and were not working. The latter group’s proportion was
also markedly smaller, comprising only 14% of the patients which did not receive worker’s
compensation. In regard to the overall disability following peripheral nerve lesions as
assessed by the DASH score, the studied patients reported a significantly higher degree of
disability in comparison to the general population. A quarter of all patients were unable
to work as they wanted to. Both general disability as well as work-related disability were
more severe in patient who were unemployed, received worker’s compensation or reported
depression ratings which were significantly higher than the general population’s mean.
While patients with brachial plexus lesions scored highest in the DASH, median nerve
lesions were associated with lowest disability ratings. Both the mean mental and physical
QoL were significantly lower in the participants when compared to the general population
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and lowest scores were observed in the patients with brachial plexus injuries. Poorer QoL
ratings were associated with female sex, unemployment, worker’s compensation status
and above-mean depression ratings. Final stepwise linear regression analysis yielded
ten variables which accounted for more than 60% of the observed variability in reported
disability ratings. Among them were 7 psychosocial factors: 1. depression; 2. the level
of pain; 3. momentary unemployment; 4. difficulties in sleeping; 5. affection of intimate
relationships; 6. modified job demands and 7. stress at work. 46% of variance regarding
work disability could be predicted by five variables: 1. affection of intimate relationships;
2. performance of household chores by others; 3. performance of a reduced amount of
household chores; 4. difficulties with sleeping and 5. performance of the same level of
household chores but with pain. Around 50% of physical QoL scores were predictable
by: 1. DASH score; 2. the level of pain; 3. number of medications and 4. Work DASH
scores. Slightly less than 50% of variability in mental QoL scores could be explained by:
1. the ability to cope with stress at home; 2. DASH score; 3. stress at home and 4. sleeping
difficulties [39]. In accordance with the aforementioned authors’ findings, Yannascoli et al.
found significantly increased rates of coded depression and coded anxiety in their study
sample of >1800 patients suffering from brachial plexus injury as compared to >18,000
healthy subjects. While 46% of the control patients had coded depression and/or anxiety,
this rate was 54% in the group of patients suffering from brachial plexus injuries. Addition-
ally, there were significantly increased incidences of new-onset postoperative depression
(20%) and anxiety (12%) in the latter group when compared to the healthy controls [40].
Landers et al. reported that about one fifth of their study population of 21 patients with
brachial plexus injuries met criteria for posttraumatic stress disorder (PTSD) and exhibited
clinical depression, respectively. Most concerningly, about a third of the studied patients
reported suicidal ideation [41]. In regard to the impact of injury severity in case of isolated
hand injuries, Tezel’s group found no correlation between psychological morbidities and
injury severity and hand function, respectively in patients suffering from traumatic hand
injury with major nerve involvement. The hand injury severity as assessed by the modified
Hand Injury Severity Score (MHISS) correlated significantly with the patients’ ability to
return to work following hand trauma [42]. In conclusion, the reviewed studies indicate,
that traumatic nerve injuries are more likely to have a strong psychosocial impact as com-
pared to compression mononeuropathies. Notably, severe nerve lesions, especially brachial
plexus injuries, have devastating consequences for the affected patients both in regard to
employment status and work life as well as mental health [43].

In addition to upper extremity nerve lesions, the impact of PNI has also been studied
in patients with lower extremity nerve damage, e.g., peroneal mononeuropathy. Aprile
assessed QoL by means of the SF-36 in 69 patients with peroneal mononeuropathy and
found significantly lower scores for the aspects of vitality, social function and is emotional
role in their study sample as compared to healthy subjects. However, when stratification
was performed to exclude patients with peroneal mononeuropathy which reported pre-
disposing factors which were likely to affects QoL, no significant differences between the
healthy sample and the sample with peroneal mononeuropathy were found [44].

4. Psychosocial Factors as Predictors of Functional Outcome Following Treatment of
Peripheral Nerve Lesions
4.1. Surgical Repair of Traumatic Nerve Injuries

Hundepool et al. conducted a prospective multicenter study in 61 patients, aiming to
identify prognostic factors for functional recovery in the first postoperative year following
injuries of the median nerve (n = 28), ulnar nerve (n = 27) or combined lesions (n = 6) at
forearm level. The majority of patients (85%) were blue-collar workers and the median
educational score equaled a high-school degree. One year after injury, 84.6% of patients had
returned to work. Besides the identification of the DASH score, power grip and sensibility
of the hand as best prognostic factors, the aforementioned authors found gender, level of
education as well as posttraumatic levels of stress at one- and three months post-injury as
highly predictive in regard to functional recovery [45]. Building on the aforementioned
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authors’ work, Goswami and colleagues evaluated ten patients with isolated or combined
transection lesions of the median and ulnar nerve three weeks and approximately one year
following surgical treatment of their injuries, aiming to identify potential predictors for
the observed functional outcome. The patients completed the Brief Pain Inventory (BPI)
Short Form, NEO Five Factor Inventory (NEO-FFI), and Pain Catastrophizing Scale (PCS)
and the McGill Pain Questionnaire (MPQ) at both postoperative time points. Ten healthy
individuals served as control group and were evaluated by means of the NEO and PCS.
The authors found that pain-catastrophizing was correlated both with the reported pain
intensity as well as the occurrence of neuropathic pain. The level of pain-catastrophizing
at the first postoperative time-point served as predictor for cold pain thresholds twelve
months postoperatively. The level of chronic pain reported at the second assessment time
point was also related to the level of pain-catastrophizing as assessed by the PCS which in
turn showed correlation with cold pain threshold at this time point [46]. Logically related
to Goswami’s research question, Mackinnon’s group investigated the relationship between
psychosocial factors and pain relief following peripheral nerve surgery. 331 patients who
underwent surgery for peripheral nerve injuries or compression neuropathies and returned
for at least two postoperative follow-ups were included. On the one hand, an increased
impact of pain on QoL or reported anger, respectively were significant predictors of next-
visit pain. On the other hand, self-reported hopefulness, sadness, and depression were
not found to be predictive of next-visit pain. Patients who suffered from upper extremity
PNI and refused to comment on a possible history of childhood trauma had a significant
association with both same-visit pain and next-visit pain. The level of pain served a
significant predictor of the reported impact of pain on QoL, sadness, depression, anger,
and hopefulness during the next visit. Lower extremity nerve injury was predictive of
anger during the next visit, whereas upper extremity nerve injury had no predictive value.
Female sex served as a significant predictor for next-visit sadness and anger. Next-visit
sadness and depression could be predicted in case the patient reported a positive history
of childhood trauma, which was the case in 7.9% of study sample. While 89.3% of the
patients denied childhood trauma, 2.8% refused to comment on this question [47]. In
conclusion, the listed studies’ results suggest that surgeons should be aware of the fact
that functional recovery following repair of peripheral nerve lesions can be significantly
influenced by the prevalence of postoperative stress and pain-catastrophizing. In regard to
the psychosocial Sadness and depression, although not predictive of functional outcome in
the limited number of studies investigating this relationship, are more likely in patients
suffering from PNI and have a positive or suspected positive history of childhood trauma.

4.2. Surgical Treatment of Compression Neuropathies

Besides cases of traumatic nerve injuries, patients suffering from compression neu-
ropathies also frequently require surgical treatment. In consequence, predictors of func-
tional outcomes following peripheral nerve decompression have been studies by several
groups. A retrospective study aiming to identify outcomes of care and predictors of dis-
ability and health status in adults with peripheral nerve injuries included >360 patients
with PNI which underwent surgical treatment. Included patients presented with 1. median
nerve compression; 2. ulnar neuropathy; 3. mixed median and ulnar nerve compression;
4. radial nerve palsy; 5. thoracic outlet syndrome or 6. brachial plexus injury. About 80% of
the patients were treated operatively and 70% of these underwent nerve release while the
remaining 20% received conservative treatment. The authors found that while health status
changed minimally, significant improvements in disability, work disability, pain, depres-
sion, and stress were observable following any treatment. At discharge, 57% of employed
patients had resumed their work. No significant differences were observable between pa-
tients who were treated surgically or those who underwent conservative therapy. Disability
was most significantly increased in patients with brachial plexus injuries. More favorable
outcomes were observable in patients who pursued gainful employment and had reported
symptoms less than six months prior to treatment. Post-treatment functional outcomes
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could be predicted by psychosocial factors like work status, household management, pain,
depression, stress, and difficulty sleeping [48]. In addition to Stonner’s comprehensive
analysis of patients with different compression neuropathies, other authors have evaluated
cohorts of patients suffering from one distinctive nerve compression syndrome alone with
the results summarized in the following paragraphs.

4.2.1. Peroneal Nerve Decompression

In 2019, Wilson et al. published the results of a retrospective study aiming to identify
potential predictors of functional outcome following peroneal nerve decompression at the
level of the fibular head. The working status of the included patients was also evaluated
in regard to a possible correlation with functional outcome. However, no statistically
significant correlation could be identified [49].

4.2.2. Ulnar Nerve Decompression

Gaspar’s group aimed to evaluate predictors for revision surgery both following in
situ ulnar nerve decompression [50] as well as medial epicondylectomy [51] in patients
with cubital tunnel syndrome. While revision surgery following in situ decompression
of the ulnar nerve was required in 3.2% of the analyzed 216 cases, patient age < 50 years
was the only significant predictor of revision surgery. Neither gender nor workers ‘com-
pensation status had any predictive significance. In regard to patients who underwent
medial epicondylectomy, 13.3% of the 82 cases required revision surgery. In accordance
with the aforementioned study, younger age was identified as predictive factor. Workers’
compensation claims, lesser disease severity, and preoperative opioid use were identified
as additional significant predictors.

4.2.3. Treatment of Carpal Tunnel Syndrome

In 2017, Jerosch-Herold and colleagues published the results of large multicenter study
aiming to identify prognostics factors for functional outcome and resulting costs for carpal
tunnel syndrome either treated by surgical decompression or corticosteroid injection. They
found a highly significant correlation between the patient-reported carpal tunnel symptom
severity, depression, anxiety and the health-related QoL as assessed by the EQ-5D-3L
(3-level version of EuroQol-5 dimension). The level of anxiety was also correlated with
the objective carpal tunnel syndrome severity as assessed by electrophysiological evalu-
ations, but there was no correlation of electrophysiological findings and depression [52].
Straub’s group evaluated 100 hands of 67 patients, respectively, who underwent endo-
scopic carpal tunnel release, aiming to identify patient- and psychosocial factors associated
with unsatisfactory outcomes. Out of the 8% percent of hands which were classified as
unsatisfactory 75% were covered by the worker’s compensatory system and in 21% of
cases which were involved in litigation an unsatisfactory result was reported. Interestingly,
the author concluded that various comorbid factors which were assessed, e.g., obesity,
smoking or working in a job at risk did neither in isolation nor in combination result in an
increased likelihood for unsatisfactory results. However, psychological factors, e.g., use of
psychotropic medications or active psychiatric treatment, which were found positive in 20%
of the study population, were associated with lower patient satisfaction both in isolation
and combination [53]. In 2008, Lozano Calderón and colleagues conducted a retrospective
survey to evaluate patient satisfaction following open carpal tunnel release and included
82 participants. They found that greater levels of depression were associated with more
severe dissatisfaction following surgery and perceived disability could be predicted by
depression and pain catastrophizing. The authors concluded that depression and perceived
disability after carpal tunnel release can be predicted primarily by psychosocial factors like
depression and insufficient coping skills [54]. Das De et al. found a significant correlation
between DASH scores of patients suffering from carpal tunnel syndrome and psychosocial
factors such as depression, catastrophic thinking, kinesiophobia and a punishing response
by the respective patient’s partner. Conversely, pain anxiety as well as solicitous or dis-
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tracting responses by the respective patient’s partner did not correlate with disabilities of
the upper extremity in patients with carpal tunnel syndrome [55]. To summarize, these
studies indicate that disease severity in patients with carpal tunnel syndrome is often
directly linked to psychosocial aspects of life on the one hand whereas patients suffering
from depression or anxiety are likely to experience adverse functional outcomes following
carpal tunnel release.

4.3. Recovery of Donor Site Morbidity following Nerve Harvest

Ehretsman and colleagues evaluated subjective healing of nerve donor site morbidity
following nerve graft harvest by means of a telephone survey. The authors evaluated
possible correlations between satisfaction with donor site morbidity, both in regard to
functional and cosmetic factors, and patient factors such as age, gender, involvement of
worker’s compensation and/or ongoing litigation. However, no statistically significant
correlation with patient factors was observable [56]. Another study conducted by Miloro’s
group assessed patient satisfaction following sural nerve harvesting in 47 patients. In
accordance with Ehretsman’s results these authors did not observe any correlation between
patient factor like age, gender and legal involvement and satisfaction level in regard to the
donor site [57].

4.4. Treatment of Painful Neuroma

Stokvis et al. conducted a literature review aiming to identify possible prognostics
factors for insufficient pain relief following neuroma treatment in 2009 [58]. They extracted
ongoing worker’s compensation, employment status and active litigation as predictive fac-
tors for unsuccessful treatment attempts. However, the authors stated that these factors are
very difficult to consider separately, given the fact that employment status is likely more im-
portant regarding the outcome of patients undergoing surgery for painful neuroma [59,60].
Stovkis’ group also emphasized Dellon’s and Mackinnon’s observation, that the duration
of preoperative pain was significantly longer in patients who reported poor pain relief
following surgery when compared to patients with satisfactory postoperative amelioration
of pain [58,60]. In 2019, Lans and colleagues retrospectively analyzed 33 painful neuromas
in 29 patients who underwent surgical therapy. Comparing the three treatment concepts of
1. neuroma excision with consecutive nerve repair or reconstruction; 2. neuroma excision
with implantation of the proximal stump and 3. neuroma excision alone. In their study
population the mean PROMIS Upper Extremity score was 45.2 ± 11.2, the mean PROMIS
Pain Interference score was 54.3 ± 10.7, and the median numeric rating scale pain score
was 3 (interquartile range, 1 to 5). Higher PROMIS depression scores and the surgical
concept of neuroma excision alone were both independently significantly correlated with
lower PROMIS Upper Extremity scores. Postoperative PROMIS Upper Extremity scores
were lower in patients who underwent neuroma excision with nerve stump implantation,
but this was not statistically significant. Neuroma excision alone and neuroma excision
with nerve stump implantation as well as higher PROMIS Depression scores were all
independently associated with higher, e.g., more severe PROMIS Pain Interference scores.
Higher numeric rating scale pain scores showed a significant correlation with neuroma
excision alone and neuroma excision and implantation whereas neuroma excision with
consecutive nerve repair or reconstruction was associated with lower numeric rating scale
pain scores [61].

5. A Perspective on Experimental Insights

In addition to clinical studies, psychosocial aspects of peripheral nerve injuries have
also been studied in preclinical models, e.g., rodents. Using a spared nerve injury (SNI)
model Norman et al. tested the hypotheses that peripheral nerve injury is causative for
depression by induction of inflammatory processes in the brain and these neuroinflam-
matory changes are further exacerbated in case of stress exposure prior to nerve injury.
The authors found their presumptions to be confirmed as they observed that injury of the
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common peroneal and tibial nerve caused mechanical allodynia and depressive behavior
in mice, as well as an increased expression of interleukin-1b (IL-1b) and glial fibrillary
acidic protein (GFAP). The mechanical allodynia was more severe in mice which were
exposed to increased stress by chronic physical constraint two weeks prior to the experi-
mental surgery. Treatment of these animals with a corticosteroid synthesis inhibitor prior
to physical constraint eliminated the aforementioned effects, proving that psychosocial
factors, e.g., the experience of increased stress directly influences the severity of symptoms
following peripheral nerve injury [62].

Besides individual psychological factors like depression, social factors have also been
identified to play an important role in symptom severity in rats with peripheral nerve
injury. Raber and Devor used a neuroma model of neuropathic pain caused by sciatic nerve
injury to investigate pain phenotype in two distinct rat strains. When rats with high (HA)
and low (LA) pain phenotype and autotomy-behavior, e.g., gnawing of the toes or entire
paws in consequence to nerve injury, were housed together, LA rats showed high levels
of autotomy even when they were familiar with the HA preoperatively. The observed
autotomy in LA rats was also independent of the performance of autotomy by the HA
rats. Interestingly, even the contact with cage bedding soiled by HA rats was sufficient to
induce moderate levels of autotomy in LA rats even in the absence of HA rats [63]. Another
study investigated the effects of ongoing social stress (OSS) on mechanical sensitivity and
cold allodynia in a rat model of chronic constriction injury (CCI) of the sciatic nerve. Rats
which experienced ongoing social stress by twice-weekly exchange of their cage mates did
not display significant changes in mechanical sensitivity. In regard to cold allodynia, rats
with CCI and OSS were less susceptible during the early phase of the observation period
when compared to rats which underwent CCI surgery only. At later time points however,
rats with CCI + OSS were more susceptible to cold stimuli compared to the CCI rats. In
addition, in the former group enhanced glial cell activation, pro-inflammatory cytokine
expression and higher neurotrophic factor mRNA levels were observable [64].

6. Discussion

In this work we reviewed the current body of knowledge in regard to the interplay
of psychosocial factors and peripheral nerve lesions as well as these factors’ predictive
value of functional outcome following peripheral nerve injury. Our work emphasizes that
psychological factors like depression, pain-catastrophizing and anxiety are both influenced
by peripheral nerve lesions and also significant predictors of functional recovery and QoL
after peripheral nerve surgery in patients suffering from PNI. The same applies to social
factors, e.g., employment status or worker’s compensation. These findings underpin the
need for personalized treatment concepts involving not only surgeons but also psycholo-
gists, occupational therapists, and others. As was pointed out by Kaltenbrunner and other
authors [65,66] there are large differences between countries in regard to the regulatory
framework of disability cases and rehabilitation measures to facilitate the affected individ-
uals return to work. Notably, this not only applies to the transatlantic comparison, but also
within the smaller perimeter of the European Union, indicating the need to consider the
country-dependent differences when developing treatment and rehabilitation concepts for
patients with PNIs.

Patients with depression, pain catastrophizing and anxiety are usually at risk to
experience poor outcomes following PNI, reporting higher levels of pain and disability
as well as lower satisfaction [54]. Vice versa, the rate of symptoms of clinical depression
among patients suffering from PNI is alarmingly high, reaching almost 40%, which is more
than twice the numbers reported in the general population, ranging between 10% and 20%,
depending on the studied population [38,67,68]. In case of brachial plexus injuries, even
more than 50% of patients could be suffering from depression, underpinning the need for
adequate treatment strategies beyond surgical intervention in this group of patients [69,70].
In conclusion, screening for depression and referral of patients for psychological and/or
psychiatric counseling or treatment is advised for surgeons and any other profession
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involved in the treatment of patients with PNIs, especially in case of a planned operative
intervention [38]. However, it might be demanding to identify such patients since they
might show a tendency to conceal their depression, afraid of the social stigma which
might come with diagnosed mental illness [17,71]. Circling back to the aforementioned
cross-country differences regarding post-injury rehabilitation and return to work, the same
applies to mental health care systems. Again, significant differences are not only observable
when comparing mental health care systems worldwide [72] but also within the European
Union [73]. These observations emphasize that the interplay of psychosocial factors and
peripheral nerve lesions extends beyond the affected patients’ ways of living but are also
heavily influenced by significant differences between countries regarding their health
care system.

In our opinion, the findings reported by Ehretsman [56] and Miloro [57] deserve special
emphasis, as both authors reported that donor site morbidity following nerve harvest was
not correlated with any of the psychosocial factors they assessed. Although nerve graft
harvesting can be considered as nerve lesion, it is interesting to note that sequalae of these
“non-accidental” nerve injuries seem not to be correlated with psychosocial factors as it is
the case with traumatic nerve lesions or compression neuropathies. As possible explanation
for this observation we would like to suggest that patients who undergo nerve graft
harvest choose this procedure voluntarily and without the experience of a “loss of control”
associated with traumatic nerve injuries. It was shown that the feelings of uncontrollability
or helplessness are associated with an increase in psychological vulnerabilities [74–76] and
pain levels [77,78]. The patient’s impression of being in control of the situation leading to a
nerve lesion, e.g., sural nerve harvest, might be protective of adverse functional outcome
following these procedures.

Another interesting finding was the correlation between picking “no comment” when
asked about a possible childhood trauma and pain reported at the current and next visit.
The same applies to the predictive value of a positive history childhood trauma for next-
visit sadness and depression. It has been suggested that this correlation is caused by
trauma-induced changes to the brain of abused or traumatized children [47,79,80]. In this
context, one should consider the fact that about 10% of American youth have experienced
at least one episode of sexual assault and 9–19% were subject to physical abuse or a physical
assault by the respective caregiver [81]. Although a history of childhood trauma does not
necessarily cause pain, sadness and depression, the likelihood of seeing an abused person
with PNI at the inpatient or outpatient clinic is relatively high.

As several studies reviewed in this work have pointed out there are distinct variations
regarding the impact of PNIs on psychosocial factors depending on their severity. Patients
with distal, single-site compression neuropathies will likely experience fewer negative
psychosocial effects that patients with distal traumatic injuries of both the median and
ulnar nerve, dual compression neuropathies or TOS. As was emphasized by Wojtkiewicz
these findings bear several implications for clinical practice, as patients suffering from the
aforementioned conditions should be counseled regarding the impact of such PNIs on their
psychosocial and occupational status prior to surgical treatment [17]. The ability to return to
work (RTW) is another exemplary psychosocial factor, as it is primarily affected by PNI but
also has an impact on functional recovery in patients with PNI. Knowledge of this interplay
is of high value when an individual treatment and rehabilitation plan is conceptualized
for the patient as patients with more complex injuries, e.g., combined nerve injuries of the
upper extremity are at high risk not to return to work. In consequence functional recovery
in these patients might also be poor, given their inability to pursue their profession as
desired [34]. Considering the exorbitant indirect costs of low productivity which exceed
direct health costs by more than 100% in case of upper extremity PNIs [14,82–84] an
adequate prognostic assessment and a personalized interdisciplinary treatment are of
outmost relevance. A battery of structured preoperative assessment tools such as the
PROMIS-29 and EQ-5D [85] are suited to determine the impact of peripheral nerve injuries
on patient-reported QoL. The healthcare team involved in treatment of patients with
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PNI should consist of expert not only in surgical treatment of nerve injuries, but also
specialist for physical as well as emotional adaptation and resilience, e.g., hand therapists,
occupational therapists, psychologist, and social workers [86].

Wojtkiewicz summarized the evidence gathered in the literature regarding the influ-
ence of pain caused by PNIs on patient-reported disability [17,18,38,87–90]. Pain levels
can be assessed by the BPI Short Form, NEO-FFI, PCS and the MPQ. A more personalized
pain-assessment is possible via pain drawings [91]. It was shown that these drawings are
affected by pain and depression in patients with cervical degenerative disc disease [92]
or cervical spine nerve involvement in chronic whiplash-associated disorders [93]. They
are also a feasible and reliable tool to assess neuropathic pain following spinal cord in-
jury [94]. Pain drawings are also predictive of functional outcome in patients undergoing
surgical treatment for degenerative disc disease in the cervical spine [95]. Use of a re-
lated assessment-tool named CALA to visualize pain in upper limbs amputees has been
published by Prahm et al. [96], but there is yet no published large patient sample study
evaluating the value of pain drawings in patient with peripheral nerve lesions in general.
Given the high prevalence of neuropathic pain of up to 10% in society and its deleterious
impact on physical and psychical function [47], a more personalized assessment tool might
be a valuable addition to the armamentarium of diagnostic and prognostic instruments.

To summarize our findings, coaching, and providing emotional support to patients
suffering from PNI can be effective to help them adapting a positive mindset, overcome
severe psychological distress, and eventually adapting to their new situation, even if
the functional outcome following surgical treatment is not more than mediocre. It must
be emphasized that objective impairment, e.g., severe paresis, or diminished sensibility
does not inevitably result in the same level of subjective disability. This observation has
been beautifully condensed by Ring who had reconstructed the median nerve in a female
nurse following complete iatrogenic laceration: “Credit goes to her (the patient’s) spirit,
adaptation and resiliency; not my knife or suture” [86].

7. Conclusions

Psychosocial factors play an important role in case of PNI. They are not only directly
affected by PNI but also have significant predictive value of functional outcome following
surgical treatment. Careful psychological assessment can help to identify patients at
risk for unsatisfactory functional recovery and persistent disability following surgical
treatment. The interplay of psychosocial factors and PNIs should be kept in mind in regard
to personalized treatment concepts for these patients.
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Abstract: Sarcomas are characterized by a high metastatic potential and aggressive growth. Despite
surgery, chemotherapy plays an important role in the treatment of these tumors. Optimal anti-cancer
therapy with maximized local efficacy and minimized systemic side effects has been the object of
many studies for a long time. To improve the local efficacy of anti-tumor therapy, isolated limb
perfusion with high-dose cytostatic agents has been introduced in surgical oncology. In order to
control the local distribution of substances, radiolabeled cytostatic drugs or perfusion solutions
have been applied but often require the presence of specialized personnel and result in a certain
exposure to radiation. In this study, we present a novel strategy using indocyanine green to track
tumor perfusion with high-dose cytostatic therapy. In a rat cadaver model, the femoral vessels were
cannulated and connected to a peristaltic pump to provide circulation within the selected limb. The
perfusion solution contained indocyanine green and high-dose doxorubicin. An infrared camera
enabled the visualization of indocyanine green during limb perfusion, and subsequent leakage
control was successfully performed. Histologic analysis of sections derived proximally from the
injection site excluded systemic drug dispersion. In this study, the application of indocyanine green
was proven to be a safe and cost- and time-efficient method for precise leakage control in isolated
limb perfusion with a high-dose cytostatic agent.

Keywords: cytostatic agents; doxorubicin; indocyanine green; oncology; perfusion; surgical oncology

1. Introduction

Sarcomas are tumors that are characterized by an aggressive growth pattern, early
metastasis, and poor prognosis [1–3]. Oncologic surgery comprises many medical disci-
plines and therapeutic approaches. Surgical resection is an important aspect in cancer
treatment and often involves additional lymphadenectomy of sentinel lymph nodes and
downstream lymph node stations [4]. In some cases, radiotherapy is performed for local
disease control and to increase functional outcomes [5]. However, despite lymph node
resection, radiation increases the risk of lymphatic vessel damage and lymphatic complica-
tions [6,7]. Moreover, an exclusively surgical approach often results in the loss of the entire
limb. In the last few decades, neoadjuvant chemotherapy and adjuvant chemotherapy
have been added to the treatment protocols of sarcomas. A combination of doxorubicin,
cisplatin, and methotrexate with leucovorin and ifosfamide represents the most commonly
used combination of chemotherapeutic agents for the treatment of sarcomas [8]. However,
systemic drug application is accompanied by systemic toxicity.

In the past few years, there has been a great effort within oncologic research to develop
improved drug delivery systems and application modes that enable a high local efficacy
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while keeping systemic toxic effects at the lowest level possible. In this regard, isolated
limb perfusion (ILP) has been described as a technique that permits the local application of
high-dose cytostatic drugs into tumors or metastases located within extremities [9–11]. The
technique is mostly used for the treatment of locally advanced melanoma and unresectable
primary or recurrent sarcomas of the limb [12–14]. Depending on the affected limb, the
perforating vessels are cannulated and connected to an extracorporeal device, which
provides circulation to the affected limb with high doses of cytostatic agents. The vessels
can be cannulated at different levels: iliac, iliofemoral, femoropopliteal, and popliteal [15].
Additionally, local hyperthermia is achieved by placing a thermal blanket around the
affected extremity to increase the cytotoxic effects [12,15].

Radionuclide-labeled cytostatic drugs or perfusion solutions have been used for
adequate leakage control at the cannulation site and for the control of the correct application
of such procedures [16,17]. After the correct cannulation is confirmed, high-dose cytostatic
drugs, such as TNFα + melphalan [9,18] are added to the solution, which is subsequently
injected into the chosen region. However, this results in a certain amount of exposure to
radiation [19,20], high costs, and the requirement of specialized personnel to carry out
this procedure.

Doxorubicin, an anthracycline antibiotic, represents a substantial pillar in treatment
protocols for solid tumors such as sarcomas [21]. However, cardiotoxicity and nephro-
toxicity are some of the most common systemic side effects [21]. As these solid tumors
usually affect the extremities, a limb salvage procedure is highly desirable. ILP presents
one possibility to increase operability and to preserve functionality. Isolated limb infusion
with doxorubicin has been described for the treatment of soft tissue sarcomas with promis-
ing results in this regard [22]. Due to the fluorescent property of doxorubicin, it can be
visualized and traced by fluorescence microscopy, making it very suitable for preclinical
and clinical studies. Here, we propose a simple, safe, and cost- and time-efficient technique
for leakage control in ILP with high-dose doxorubicin.

2. Materials and Methods

Rat cadaver models were placed on a corkboard in a supine position underneath
a microscope; the skin was incised longitudinally on the medial part of the thigh. The
femoral vessels were carefully prepared, dissected, and cannulated. Cannulas were kept
in place with clamps and were attached to a 12,000 Varioperpex peristaltic pump (LKB
Bromma, Sweden) that provided circulation within the cannulated extremity. The maxi-
mum perfusion speed was 5 mL/min. A plastic loop was placed around the groin and
served as a tourniquet. The femoral artery was utilized for inflow and the femoral vein
for outflow of the perfusion fluid. The dissection and cannulation of the vessels were
performed under a Leica M205A stereomicroscope, which conveys a maximal resolution of
1050 lp/mm and a zoom range of 7.8×–160×. Two different beam path lengths provide a
high level of depth of focus, whereby orientation within a multidimensional space is en-
abled. For the microsurgical dissection and cannulation of the femoral vessels, customized
instruments from Redam instruments GmbH were utilized. The rat cadavers we used were
Munich–Wistar–Froemter rats, aged between 7 and 10 weeks, previously used for other
experiments. The procedures were carried out within 1–4 h after the death of the rats. If
the experiment could not be carried out immediately after death, the rats were placed in
the freezer at −20 ◦C and thawed in a water bath for 1 h at 37 ◦C.

The peristaltic pump perfused the circulatory system of the cannulated limb with
approximately 50 mL of perfusion solution containing 47 mL of 1× PBS (Sigma Aldrich,
St. Louis, MO, USA), 1000 IU of heparin with a concentration of 5000 IU/mL (B. Braun Mel-
sungen AG, Melsungen, Germany), 2 mL of indocyanine green (ICG) with a concentration
of 2.5 mg/mL (Diagnostic Green GmbH, Aschheim, Germany), and high-dose doxorubicin
(2 mg/mL). The Elevision IR (VSIII) fluorescence system (Medtronic, Minneapolis, MN,
USA) was used for the fluorescence imaging in perfusion recognition modes to visualize
and trace the injected ICG. The same camera conditions were used for all acquisitions:
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exposure time was 40 Hz (=2.5 ms), and gain was 1. Fluorescence level was dependent on
penetration depth and camera focus. ICG served as an indicator of leakage and confirmed
the correct drug application. To provide a comparison between ILP and whole-body perfu-
sion, the femoral vessels were also cannulated in the inverted direction, and after perfusion
with the same solution, fluorescent imaging was performed. Perfusion time was between
15 and 20 min. The experiment was repeated five times.

Fluorescence Microscopy

For further proof of correct drug application, tissue samples (thigh muscle) were
taken from anatomical regions proximal to the cannulation site and from the contralateral
limb to exclude leakage and systemic dispersion. As a positive control, three samples
were obtained from the perfused limb. These samples were immerged in 4% PFA in
PBS (pH 7.4) for 16 days, then washed in PBS three times for 30 min, and immersed
in EDTA decalcification solution for 90 min. Then, samples were embedded in Neg-
50TM frozen section medium (Thermo Fisher Scientific, Waltham, MA, USA). Finally,
samples were cryosectioned and analyzed by fluorescence microscopy with Axiovert
200 M (Zeiss, Oberkochen, Germany). Microscopic analysis enabled the visualization of
doxorubicin via fluorescence after excitation at 560 nm (100 ms, mCherry mode) with
DAPI counterstain (20 ms, DAPI mode) at 40× magnification. Magnification was further
increased to 200× utilizing ImageJ (LOCI, University of Wisconsin, Madison, WI, USA).

3. Results

The femoral vessels were successfully dissected and cannulated in all rats. Each limb
was perfused after connecting the cannulas to the peristaltic pump. ICG-fluorescence imag-
ing showed locally restricted distribution of the perfusion fluid containing the cytostatic
drug by causing the cannulated limb to emit a glowing signal (Figure 1A,B). No leakage
was observed. In contrast to ILP, ICG-fluorescence imaging of whole-body perfusion after
inverting the cannulation direction of the femoral vessels showed a glowing signal over
the entire body (Figure 1C,D). In areas with less or no fur or skin, such as the paws, the
belly, the tail, or the cannulation site, a higher fluorescence level was recorded. Fur con-
tamination with perfusion fluid around the cannulation site also resulted in an increased
fluorescence level.

Fluorescence microscopy of samples derived proximally from the injection site of
the contralateral limb showed no intracellular doxorubicin accumulation (Figure 2, first
two rows), giving proof of no systemic drug dispersion. On the other hand, microscopic
analysis of the samples obtained from the perfused limb showed intracellular doxorubicin
accumulation (Figure 2, last two rows).
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Figure 1. ICG-fluorescence imaging as indicator of ILP. (A) The native image shows the cannulation
site: the femoral artery and vein are cannulated for perfusion inflow and outflow. The arrow indicates
the direction of the flow. Clamps are used to keep the cannulas in place, and a magnification (4×) of
the cannulation site is provided for a better overview. (B) ILP is demonstrated with ICG fluorescence
imaging. (C) For comparison, a native picture of a rat cadaver with whole-body perfusion is shown.
In this case, the direction of flow is inverted (arrow). A magnification of the cannulation site is
provided (4×). (D) ICG fluorescence imaging of whole-body perfusion evokes a glowing signal of the
entire body, while the cannulated extremity is spared. Fluorescence level is indicated by brightness
and color: areas with the smallest penetration depth result in the highest fluorescence signal, e.g.,
areas uncovered by fur or skin, such as the cannulation site.
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Figure 2. Fluorescence microscopy. In the first and second row, images of the sample derived from
the contralateral limb are shown at 40× and 200× magnification, respectively. No intracellular
doxorubicin (DXR) accumulation was observed, and nuclei were counterstained with DAPI. In
the third and fourth row, fluorescence images of a sample from the perfused limb are displayed.
Microscopic analysis displays intracellular doxorubicin accumulation.

4. Discussion

Sarcomas are aggressive tumors that often affect the extremities with high risk of
metastatic spread. Among the different types of sarcomas, one differentiates between
soft tissue sarcoma; bone tumors, such as osteosarcoma, chondrosarcoma, or Ewing-
sarcoma; and gastrointestinal stromal tumors. Sarcomas are characterized by high inter-
and intra-tumoral diversity at a genetic level, rendering treatment very difficult. Because
of their aggressiveness and the potential for early metastasis, a safe tumor resection and
lymphadenectomy of affected lymph nodes in combination with neoadjuvant and adjuvant
chemotherapy are crucial. However, this radical surgical removal results in a high rate
of lymphatic complications despite the risk of limb loss. With regard to complications
related to the lymphatic system, an incidence of lymphedema of about 29% has been found
following limb salvage of soft tissue sarcoma located within extremities [23]. The number
of resected lymph nodes [24–26], tumor localization within the thigh, tumor depth, and
size > 5 cm were identified as risk factors for the development of lymphedema [23,27].
Moreover, for local disease control, patients frequently undergo radiotherapy [28], and, as
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mentioned before, this also contributes to the development of lymphatic complications.
To treat lymphatic complications, surgery such as lymphovenous anastomosis is often
required [29]. Furthermore, limb preservation remains highly desirable, and complex
microsurgical functional reconstructions have been developed for this purpose, such as the
Borggreve rotationplasty, which provides a reconstruction of the knee joint after resection
of osteosarcoma of the distal femur [30,31], or the Winkelmann procedure, which consists
of a clavicula-based reconstruction of the humerus [32].

In Third World countries, such complex treatments and associated costs are neither
available nor sustainable. For instance, amputation is still the most common therapy of
osteosarcoma in Third World countries, whereas limb salvage procedures in combination
with adjuvant and neoadjuvant chemotherapy became the momentary standard therapy
in surgical oncology [33]. Poor countries in particular may profit from cost-, time-, and
personnel-efficient techniques of cytostatic drug application, such as ILP.

Cancer therapy often requires the application of high-dose cytostatic drugs in order
to cause antitumoral effects, but, on the other hand, this also carries the risk of serious
side effects. Thus, in the past few decades, there has been an increased effort to develop
therapies that avoid these side effects, such as the administration of corticosteroids and
colony stimulating factors [34,35]. ILP has been developed to minimize systemic effects of
cytostatic agents and maximize the local drug concentration [9–11]. Additional hyperther-
mia is thought to enhance the uptake of cytostatic agents, thereby increasing the effects on
the tumor [12]. However, for safe application of these highly concentrated cytostatic agents,
leakage control is of utmost importance. In this regard, the addition of radionuclides
to the perfusion solution has already been described as a method for sufficient leakage
control [16,17], but this causes a certain amount of radiation and requires specialized per-
sonnel [19,20]. Although doxorubicin has been used for decades, it was recently replaced by
TNFα + melphalan, which is now the standard therapy in ILP for sarcomas. In fact, higher
toxicities and less activity are attributed to the application of doxorubicin compared to
TNFα + melphalan [36]. In our experiments, we used doxorubicin because of its fluorescent
property to track drug dispersion after ILP. Cytostatic drug toxicity in ILP is related to
the amount of leakage into systemic circulation, and, in addition to local leakage control,
high intravenous hydration promotes the washout effect of these drugs, reducing systemic
toxicity. Local complications affecting the perfused limb include deep venous thrombo-
sis [37], limb edema, and erythema, deep tissue damage with functional impairment and
compartment syndrome [38]. In our experiments, we observed limb edema in all rats. No
blisters or epidermolysis were present. However, as we performed the experiment on rat
cadavers, complications such as functional impairment or compartment syndrome could
not be assessed.

The innovative aspect of this experiment is the utilization of ICG for leakage control
in isolated limb perfusion. In a rat cadaver model, the femoral vessels were cannulated and
attached to a peristaltic pump for the establishment of circulation within the cannulated
extremity. The perfusion fluid contained PBS, 1000 IE of heparin, 2 mL of ICG, and high
doses of doxorubicin. An infrared camera was used to visualize ICG, which served as an
indicator of leakage and depicted the localized drug application in ILP. Histologic analysis
of anatomical regions proximal to the cannulated limb provided proof of the correct
application of the drug by indicating that there was no systemic dispersion. Another
innovative aspect of this experiment is the usage of rat cadaver models. Fluid-resuscitated
rat cadavers represent an animal-friendly research model with regard to the 3R principles of
replacement, refinement, and reduction of animal models in research and medical training.
Therefore, this model could be used for further infusion/perfusion studies in the future.

ICG has a broad application spectrum in surgery. It is an amphiphilic fluorescence
dye, which is used for the purpose of intravenous injection into patients. Once in the
circulatory system, 98% of the injected ICG binds to plasma protein, and 2% remains free
in the blood serum until it is metabolized by the liver and subsequently excreted into
bile [39]. The dye has a half-life of generally 3–4 min that depends on the vascularity of the
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investigated organ [39]. Because of the rapid clearance rate, the dye can be used for several
injections during one procedure [39]. In addition, ICG is a well-established substance in
clinics and surgery and is also characterized by a low side effect profile, ensuring the safety
of its application [40,41]. Moreover, it is easily available and applicable to the perfusion
solution used for ILP. For instance, it is well established in supermicrosurgery, as it permits
the visualization of lymphatics, and in reconstructive surgery where it is used to assess
the perforators, tissue perfusion, and the viability of microvascular anastomoses [41–43].
In oncologic surgery, it is used for sentinel lymph node mapping and intraoperative
identification of tumors [44]. Due to intratumoral injection, exact tumor margins can be
visualized, ensuring safe resection without damage of surrounding tissue [45,46]. Moreover,
it can be injected into the epineurium of nerves to improve the intraoperative visualization
and to avoid accidental damage [47]. An important limitation of the use of ICG, however,
is the depth of detection. In fact, structures deeper than 5–8 mm cannot be visualized [48].
Nevertheless, the detection depth is sufficient for leakage control of the cannulation site.

This study has some limitations. Although no systemic cytostatic drug dispersion was
found in our experiments after approximately 15 min of infusion, systemic dispersion will
likely occur due to the vascular collaterals if no tourniquet is placed at the level of the groin
or the axillary fossa. Another limitation of this model is post-mortem clot formation and
incomplete limb and/or whole-body perfusion. Although our perfusion fluid contained
heparin, complete thrombus dissolution was not always possible, especially in thawed rat
cadavers. We observed that the longer we waited after the rats had deceased, the higher
the probability of clot formation. Freezing rat cadavers allowed for preservation for weeks
or months, but the probability of vascular obstruction was higher compared to unfrozen
and rapidly perfused rats. According to Okazaki et al., heparinization was described
post-mortem in transplanted canine lungs for the prevention of microthrombi [49]. In this
study, the optimal post-mortem heparinization time was 30 min after cardiac arrest [49].
Moreover, Marchioro et al. described the use of heparin in extracorporeal perfusion for the
obtainment of post-mortem homografts in animal models [50].

As an alternative to the more invasive ILP, requiring open dissection of the vessels
and the use of large-caliber catheters, isolated limb infusion has been suggested as a valid,
minimally invasive, and safe alternative. In addition, when performing isolated limb
infusion, small-caliber catheters are placed percutaneously [12,13]. Moreover, perfusion
fluid is not oxygenated in isolated limb infusion, providing a hypoxic milieu, which
enhances cytotoxic drug effects [12]. In our experiment, a percutaneous procedure could
not be performed due to the small diameter of the femoral vessels of rats (approximately
0.54–0.56 mm [51]).

5. Conclusions

The use of ICG for leakage control in ILP for cancer treatment enables a safe application
of high-dose cytostatic drugs by avoiding the application of radionuclides for this purpose.
This makes it a more cost-, time-, and personnel-efficient technique, and no cooperation
with nuclear medicine specialists is required.
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Abstract: In reconstructive surgery, free flap failure, especially in complex osteocutaneous recon-
structions, represents a significant clinical burden. Therefore, the aim of the presented study was
to assess hyperspectral imaging (HSI) for monitoring of free flaps compared to clinical monitoring.
In a prospective, non-randomized clinical study, patients with free flap reconstruction of the oro-
maxillofacial-complex were included. Monitoring was assessed clinically and by using hyperspectral
imaging (TIVITA™ Tissue-System, DiaspectiveVision GmbH, Pepelow, Germany) to determine
tissue-oxygen-saturation [StO2], near-infrared-perfusion-index [NPI], distribution of haemoglobin
[THI] and water [TWI], and variance to an adjacent reference area (∆reference). A total of 54 primary
and 11 secondary reconstructions were performed including fasciocutaneous and osteocutaneous
flaps. Re-exploration was performed in 19 cases. A total of seven complete flap failures occurred,
resulting in a 63% salvage rate. Mean time from flap inset to decision making for re-exploration
based on clinical assessment was 23.1 ± 21.9 vs. 18.2 ± 19.4 h by the appearance of hyperspectral
criteria indicating impaired perfusion (StO2 ≤ 32% OR StO2∆reference > −38% OR NPI ≤ 32.9
OR NPI∆reference ≥ −13.4%) resulting in a difference of 4.8 ± 5 h (p < 0.001). HSI seems able to
detect perfusion compromise significantly earlier than clinical monitoring. These findings provide an
interpretation aid for clinicians to simplify postoperative flap monitoring.

Keywords: HSI; objective; hyperspectral signature; timely recognition; reconstruction; head and
neck; non-invasive; non-contact

1. Introduction

In reconstructive oral and maxillofacial surgery, free flap transfer represents one of the
most important and frequently performed methods for defect reconstruction of the head
and neck region. Flap survival as the primary criterion for success after free flap transfer is
generally considered to be very good at approximately 96% [1]. However, this is largely
based on studies using less complex flap types such as fasciocutaneous radial or ulnar
forearm flaps (R/UFFF) and does not generally apply to more compound flaps such as
the osteocutaneous fibular flap (8% failure), scapular flap (6% failure), anterolateral thigh
(ALT) or gracilis flap (5% failure) [2–4]. This is in contrast to the results of a recent study
which showed flap survival of 98% in 157 fibular flaps used for mandibular reconstruc-
tion [5]. In addition to the flap type and its complexity, there are numerous other relevant
factors (e.g., duration of surgery >8 h, need for intraoperative re-anastomosis, anatomically
complex flap sites, challenging microanastomoses, arterial > venous thrombosis) that may
contribute to the need for flap revision or even complete early flap failure [6]. Partial
and complete flap loss, mainly due to impaired perfusion (venous > arterial), means a
significant increase in morbidity and mortality for the affected patients due to prolonged
wound healing, necessary second interventions, delay of adjuvant therapy (radio- and/or
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chemotherapy) and prolonged hospital stay [7,8]. In addition, the above-mentioned com-
plications lead to a relevant additional financial burden on health care systems [9]. In
this context, close perioperative flap monitoring has been established as the only effective
tool allowing early detection of malperfusion and thus providing the possibility of timely
re-exploration. Although several valid monitoring methods have been developed in recent
years, clinical assessment, though subjective and poorly reproducible, is still considered the
gold standard for flap monitoring [10]. The medical application of hyperspectral imaging
(HSI) is an overall new and still quite unexplored field. Previous studies by our group have
demonstrated the successful usage of medical hyperspectral imaging in the fields of wound
diagnostics [11], perfusion monitoring after microsurgical anastomotic suturing in the rat
hind limb and visualisation and quantification of the vasoactive effect of vasoconstrictor-
containing local anaesthetics [12,13]. Following preliminary animal experiments [12], we
were able to demonstrate the successful use of HSI to monitor free flaps in humans as part
of a feasibility study [1]. The main limitation of this feasibility study was the limited num-
ber of compromised flaps, being the relevant variable to evaluate monitoring techniques.
Therefore, the aim of this clinical study was to compare HSI and clinical monitoring in
terms of their ability for early detection of impaired free flap perfusion.

2. Materials and Methods
2.1. Patients

In this prospective, non-randomized, clinical study, patients with free flaps for recon-
struction of the oro-maxillofacial complex were included. The patient population consists
of 40 males and 23 females. The average patient age was 62.2 ± 12.6 years. Due to its
design, the sensor unit of the hyperspectral camera system was not able to image the
posterior portion of the oropharynx. Therefore, free flaps of the anterior-lateral region of
the maxilla and mandible, as well as exposed flaps of the facial region, were included in
the present study. All flaps that did not have regular monitoring (t0–t10 for HSI and t4–t10
for clinical monitoring) were not included.

2.2. Monitoring
2.2.1. Clinical Monitoring

Clinical monitoring started with the first postoperative control (t4) and was always
performed prior to hyperspectral imaging to avoid examination bias. The measurement
time points are shown in Figure 1. In each case, clinical parameters of flap perfusion (color,
temperature, re-capillarization time and tissue turgor) were assessed and documented
by an experienced physician. Point values were assigned to each clinical category (color,
temperature, re-capillarization time, turgor). Criteria for surgical re-exploration were met
if total was ≥9 OR two variables scored 6 points OR flap color remained pale white or
blue >60 min AND re-capillarization time was not detectable or <1 s (Table 1). Because
clinical monitoring is still considered the gold standard, the final decision for re-exploration
was always based on clinical assessment.

Table 1. Clinical flap evaluation system with point values.

Flap Color Flap Temperature Re-Capillarization Time Flap Turgor Total

Pale white (3) Cold (2) Approx. 1 s (2) Soft (2)
Pink (1) Body temperature (1) >2 s (1) Elastic (1)
Red (2) Superheated (2) <1 s (3) Plump (2)
Blue (3) No capillary refill (3)
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Figure 1. Graphical study protocol shows the measurement time points (t0–t3) and time intervals
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2.2.2. Hyperspectral Monitoring

In this study, a hyperspectral sensor system (TIVITATM Tissue System, Diaspective
Vision GmbH, Pepelow, Germany) was used. The HSI sensors generate a three-dimensional
(3D) data cube (hyperspectral cube), with the spatial information contained in the first
two dimensions (resolution: 0.1 mm/pixel at 50 cm distance) and the spectral information
in the third dimension (resolution: 5 nm). The method includes conventional as well as
spectroscopic approaches to capture both spatial and spectral information of an image
scene. While conventional RGB methods (red, green and blue) cover a limited wavelength
spectrum, HSI is able to process electromagnetic wavelength spectra > 740 nm [14]. Briefly,
HSI is based on the assessment of contiguous spectra (i.e., light of different wavelengths)
individually re-emitted by molecules. These physicochemical raw data are then processed
by computerized algorithms, specific for the respective molecule of interest (hyperspectral
signatures), particularly haemoglobin, oxygenated haemoglobin and water [15,16]. Follow-
ing HS-image recording over 10 s (s), additional 8 s are needed to compute a RGD (red,
green and blue) truecolor image and additional four pseudo-color images, representing
the parameters: tissue oxygen saturation [StO2 (0–100%)], near infrared perfusion index
[NPI as arbitrary units (0–100)] as well as distribution of haemoglobin [THI as arbitrary
units (0–100)] and water [TWI as arbitrary units (0–100)] (Figure 2) [1,17]. Haemoglobin
and its differentiation between its oxygenated and deoxygenated form plays a central role
in HSI perfusion monitoring [15]. Since the absorbance of haemoglobin in the range from
570 to 590 nm is high, electromagnetic radiation of a shorter wavelength shows a lower
penetration depth into tissue, thus microcirculation is detected at a depth up to 1 mm. StO2
describes the relative oxygen saturation of blood in the microcirculatory system within
superficial tissue layers, captures arterial and venous blood, and shows changes in oxygen
supply and consumption directly in the tissue area measured. Thus, StO2 represents the
tissue oxygen saturation, which is mainly based on the blood volume in the venous part
(75%) of the microcirculation and its oxygen saturation after delivery of oxygen to the
tissue. Reference values are between 50–70% [18]. However, there are no thresholds, al-
though corresponding studies are currently being conducted. Near-Perfusion-Index (NPI)
describes the quality of blood flow which is determined by the relative oxygen saturation of
the haemoglobin and the relative haemoglobin content in deep tissue layers (4 to 6 mm) [1].
In the software from the manufacturer, parameters are displayed in false colors from
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red = high, through yellow and green, to blue = low. The Tissue-Haemoglobin-Index (THI)
describes the relative amount of haemoglobin in the microcirculatory system. This pa-
rameter gives information on inflow and/or outflow disorders. Tissue Water Index (TWI)
describes the relative water content in the assessed region of interest. We have described
the importance of the parameters and their combination for perfusion assessment in detail
in a previous publication [1].
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Figure 2. HSI shows the blood flow measured in the left ulnar flap raise site (t0) with the region of interest (ROI) marked
manually (green line, RGB image). The quality of blood flow is indicated by false colors ranging from blue (low) to red
(high). On the left, quantification of ROI is listed and shows mean values of the respective parameters (StO2, NPI, THI,
TWI). The number of assessed pixels and the corresponding amount of StO2 and NPI within ROI (Y-axis) is represented as a
bar chart.

2.3. Statistics

Raw data sets were saved in Excel® sheets (Microsoft Corporation, Redmond, WA,
USA) and subsequently transferred into SPSS Statistics® (version 23.0.0.2, MacOS X; SPSS
Inc., IBM Corporation, Armonk, NY, USA). Data were expressed as mean (m), stan-
dard deviation (SD±), minimum (min), maximum (max) and standard error of the mean
(SEM). Normal distribution was checked using non-parametric Shapiro–Wilk-test(+) and
Kolmogorov–Smirnov Test. In addition to the descriptive analysis, the dependency analysis
included tests to detect/exclude differences and correlations. Results were analysed for sta-
tistical significance by the use of analysis of variance (ANOVA(#)), unpaired non-parametric
Mann–Whitney U-tests($), Wilcoxon Signed Ranks test(§) and Students’ t-test(*). To inves-
tigate whether the means of several dependent samples differ, Wilcoxon matched-pairs
signed rank tests(**) were performed. Correlations between two categorical variables were
tested using the Pearson Chi-Square Test(+) or, in the case of expected cell frequencies < 5,
using Fisher’s Exact Test(++). The eta-squared coefficient as a measure of correlation mea-
sures the extent to which the total variance of a dependent metric variable is explained
by an independent nominal variable. The partial Eta square (Eta) shows how much % of
the variation of “Duration of surgery” can be explained by the revision status (Group-1 vs.
Group-2). The p-values of ≤0.05 were termed significant. Line charts with plotted means
±SD, pie charts, aligned dot plots and boxplots were used for illustration purposes. Due
to the small number of similar studies, as well as the lack of cut-off values, case number
planning could not be performed [19,20].

3. Results

A total of 54 primary and 11 secondary reconstructions were performed. Flaps in-
cluded Radial-(RFF, 24) and Ulnar-(UFF, 16) Forearm flaps, Osteocutaneous Fibula flaps
(OMFF, 16), Latissimus Dorsi flaps (LDF, 4), Osteocutaneous Scapula flaps (OMSF, 3) and
2 Upper Arm flaps (UAF). Affected regions included the tongue (4), cheek (18), floor of the
mouth (10), alveolar ridge (2), soft (3) and hard palate (4), mandible (18), midface (4) and

202



J. Pers. Med. 2021, 11, 1101

neurocranium (2). Recipient vessels were as follows: superior thyroid (43) (end-to-end),
lingual (11) (end-to-end), external carotid (7) (end-to-side) and the facial artery (4) (end-
to-end). Out of 65 flaps (two patients received 2 microvascular flaps each), re-exploration
was performed in 19 cases (Group-2(R+)) due to a clinically apparent perfusion disturbance,
of which in one case no cause could be found intraoperatively. In the latter, because there
was improved flap perfusion after reopening of the neck in both, clinical assessment and
HSI, this case was considered kinking of the pedicle. A total of seven complete flap failures
occurred, resulting in a salvage rate of 63% regardless of cause (haematoma, kinking,
arterial or venous thrombosis). There was no correlation between the reconstruction regime
(primary or secondary)(++), the irradiation status(++), the arterial recipient vessel type(+) or
the duration of surgery (Eta = 0.06) and the occurrence of poor perfusion (need for revision)
(Table 2).

Table 2. Baseline data showing patient and flap characteristics.

Group-1(R+)

No Revision
Group-2(R+)

Revision
Total (N) p-Value

N 46 19 65
Age 64.2 ± 11.7 53.6 ± 18 0.48(+)

Gender 0.10(++)

male 26 (63%) 15 (37%) 41
female 20 (83%) 4 (17%) 24

Indication
Malignant 43 (73%) 16 (27%) 59

Benign 1 (50%) 1 (50%) 2
Chronic wound 2 (50%) 2 (50%) 4

Flap types 0.27(+)

RFF 16 (66.6%) 8 (33.3%) 24
UFF 13 (81%) 3 (19%) 16

OMFF 13 (81.3%) 3 (18.7%) 16
LDF 1 (25%) 3 (75%) 4

OMSF 2 (66.6%) 1 (33.3%) 3
UAF 1 (50%) 1 (50%) 2

Reconstruction regime 0.72(++)

Primary reconstruction 39 (72%) 15 (28%) 54
Secondary reconstruction 7 (63.6%) 4 (36.4%) 11

After radiotherapy 6 (66.7%) 3 (33.3%) 9 0.71(++)

Recipient vessel (artery) 0.99(+)

Superior thyroid 30 (70%) 13 (30%) 43
Lingual 8 (72.7%) 3 (27.3%) 11

External carotid 5 (71%) 2 (29%) 7
Facial 3 (75%) 1 (25%) 4

Duration of surgery (minutes) 543.7 ± 126.5 527.3 ± 128.1 0.06(Eta)

Cause for malperfusion
Venous thrombosis 8 (42.1%) 8
Arterial thrombosis 8 (36.8%) 8

Haematoma 3 (4.6%) 3
Kinking 1 (5.3%) 1

+ = Chi-Square test; ++ = Fisher’s Exact Test; Eta = Partial Eta square (explained in Section 2.3. Statistics).

3.1. Monitoring
3.1.1. Clinical Monitoring Characteristics

The true-positive rate of clinical assessment for detection of perfusion defect was 100%
with 19/19 flaps. The distribution of scores obtained using the clinical scoring system is
shown in Figure 3.
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Figure 3. Bar chart shows the point total of clinical assessment from each impaired flap (Group-2(R+)
that led to re-exploration.

3.1.2. General HSI Characteristics for Non-Revised and Revised Flaps
Oxygen Saturation of Haemoglobin (StO2)

Except t0 (origin), t1 (flap raise), t2 (anastomosis) and t3 (flap inset), StO2 was signifi-
cantly lower in Group-2(R+) at any time after flap inset including t4 (0–12 h; p < 0.001), t5
(12–24 h; p = 0.034), t6 (24–36 h; p < 0.001), t7 (36–48 h; p = 0.008), t8 (48–60 h, p < 0.001),
and t10 (>72 h, p = 0.004) (Figure 4A). Compared with the reference site (StO2∆reference),
StO2 decreased (%) significantly in Group-2(R+) during t4 (p = 0.004), t5 (p < 0.001), t6
(p < 0.001), t7 (p = 0.002), t8 (p = 0.002), and t10 (p = 0.006(*)) compared to Group-1(R−)

(Figure 4B). Compared with flap inset (t3), StO2 significantly (p = 0.011(*)) decreased at
t4 in Group-2(R+) when compared to Group-1(R−) (Figure 4C). Regarding the difference
to the pre-value (StO2∆pre-value), StO2 decreased significantly in Group-2(R+) during t4
(p < 0.001(*)), t5 (p = 0.021(*)), and t6 (p < 0.001(*)) when compared to Group-1(R−), respec-
tively (Figure 4D).
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Figure 4. Bar chart with means (±SD) show StO2 at different measurement timepoints (T0–T3)/time intervals (t4–t10) as
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NIR-Perfusion Index (NPI)

There was no difference in Near-Infrared Perfusion Index (NIR-P) between Group-
1(R−) and Group-2(R+) before flap harvesting (T0), after flap raise (t1), after microvascular
anastomosis (t2), and after flap insertion (t3). Within the first 12 h after flap inset, the
Near-Infrared Perfusion-Index (NPI) was significantly lower in Group-2(R+) compared to
Group-1(R−) (p = 0.024(*)). The same was seen within t6 (p = 0.008(*)) and t8 (p = 0.045(*)),
with the latter period containing only two compromised flaps that were subsequently re-
explored (Figure 5A). Compared with the reference measurement site, Group-2(R+) revealed
a significantly greater decrease in NPI (%) (NPI∆reference) at t4 (p = 0.023(*)) compared to
Group-1(R−) (Figure 5B). Compared with t3 (NPI∆t3), NPI decreased significantly more
in Group-2(R+) at t4 (p = 0.016(*)) and t6 (p = 0.011(*)) than in Group-1(R−) (Figure 5C).
Compared with the pre-measurement (NPI∆pre-value), the NPI drop was significantly
higher in Group-2(R+) within the measurement intervals t4 (p < 0.001(*)), t6 (p = 0.044($))
and t8 (p = 0.002(*)) than in Group-1(R−) (Figure 5D).
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Tissue-Haemoglobin-Index (THI)

At the measurement time points (T0-t3)/within the measurement intervals (t4 and t5),
the Tissue-Haemoglobin Index (THI) was not different between Group-2(R+) and Group-
1(R−). At t6 (p = 0.010(*)), t7 (p = 0.006(*)) and t8 (p = 0.033(*)), THI was significantly in-
creased in Group-2(R+) (Figure 6A). In proportion to the reference site (THI∆reference), THI
was significantly increased in Group-2(R+) compared with Group-1(R) during t6 (p = 0.048($))
and t7 (p = 0.048($)) (Figure 6B). Compared with flap inset (THI∆t3), THI was significantly
higher in Group-2(R+) than in Group-1(R−) during t4 (p = 0.011($)) and t7 (p = 0.012($))
(Figure 6C). Compared with the pre-measurement (THI∆pre-value), the percentage in-
crease in THI was significantly higher in Group-2(R+) within the measurement interval t4
(p < 0.001($)) than in Group-1(R−) (Figure 6D).
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Tissue-Water-Index (TWI)

From t0 to t6, there was no difference in the water content (TWI) comparing Group-
1(R−) and Group-2(R+). At t7 and t8, TWI was found to be significantly lower (p = 0.045(*);
p = 0.007(*)) in the group of poorly perfused flaps (Figure 7A). Compared with the reference
site (TWI∆reference), TWI was significantly lower at t8 (p = 0.035($)) in Group-2(R+) than in
Group-1(R−) (Figure 7B). Compared to flap inset (THI∆t3), TWI was significantly lower in
Group-2(R+) at t6 (p = 0.015($)), t7 (p = 0.008($)) and t8 (p = 0.002($)) (Figure 7C). Compared
with the pre-measurement (TWI∆pre-value), TWI decreased significantly more in Group-
2(R+) at t8 (p = 0.002($)) (Figure 7D).

Duration until Signs of Malperfusion

Independent of the time point/interval, mean values of StO2 and NPI as well as their
drop rate (∆reference) differed significantly between Group-1(R-) and Group-2(R+) (Figure 8).
StO2, as well as StO2∆reference were significantly lower in Group-2(R+) (32.6% ± 9.8;
−38.1% ± 18.2) than in Group-1(R−) (43.2% ± 10.3; −18.3% ± 15.9) (p < 0.001). The same
was seen with NPI (Group-1(R−): 42.8 ± 9.8; Group-2(R+): 32.9 ± 12.8) and NPI∆reference
(Group-1(R−): 8.8 ± 25.7; Group-2(R+): −13.4% ± 36.9) (p < 0.001(*)).

206



J. Pers. Med. 2021, 11, 1101J. Pers. Med. 2021, 11, 1101 10 of 16 

Figure 7. Bar chart with means (±SD) show TWI at different measurement timepoints (t0–t3)/time intervals (t4–t10) as (A) (TWI 
mean), (B) TWI drop to reference (%) TWI drop to the respective reference site (TWIΔreference), (C) TWI drop to t3 
(TWIΔt3), and (D) in relation to the pre-measurement (TWIΔpre-value). Means are shown scalar. Asterisk (*) marks existing 
significance. ANOVA (#). 

Duration Until Signs of Malperfusion 
Independent of the time point/interval, mean values of StO2 and NPI as well as their drop 

rate (Δreference) differed significantly between Group-1(R-) and Group-2(R+) (Figure 8). StO2, as 
well as StO2Δreference were significantly lower in Group-2(R+) (32.6% ± 9.8; −38.1% ± 18.2) than 
in Group-1(R−) (43.2% ± 10.3; −18.3% ± 15.9) (p < 0.001). The same was seen with NPI (Group-
1(R−): 42.8 ± 9.8; Group-2(R+): 32.9 ± 12.8) and NPIΔreference (Group-1(R−): 8.8 ± 25.7; Group-2(R+): 
−13.4% ± 36.9) (p < 0.001(*)).

Figure 7. Bar chart with means (±SD) show TWI at different measurement timepoints (t0–t3)/time intervals (t4–t10) as
(A) (TWI mean), (B) TWI drop to reference (%) TWI drop to the respective reference site (TWI∆reference), (C) TWI drop
to t3 (TWI∆t3), and (D) in relation to the pre-measurement (TWI∆pre-value). Means are shown scalar. Asterisk (*) marks
existing significance. ANOVA (#).

J. Pers. Med. 2021, 11, 1101 11 of 16 
 

 

 
Figure 8. Boxplot showing the distribution of StO2, StO2Δreference, NPI and NPIΔreference comparing flaps with and without 
revision following poor perfusion. Asterisk (*) marks existing significance. 

Of a total of 19 compromised flaps, 12 (36.8%) occurred within the first 24 h 
postoperatively. The exact distribution is shown in Figure 9A. To calculate the duration from 
flap inset (t3) to the detection of malperfusion in HSI, the mean values of StO2 (32.6%), 
StO2Δreference (−38.1%), NPI (32.9) and NPIΔreference (−13.4%) were used for 
dichotomization. If there was a negative deviation (<StO2; 
<NPI; >StO2Δreference; >NPIΔreference) from one of the parameters, the respective 
measurement time was counted as the detection time. Overall, the mean time from flap inset 
to decision making for re-exploration based on clinical assessment was 23.1 ± 21.9 h. In 
contrast, the average time from flap insertion to the appearance of hyperspectral criteria of 
inferior perfusion (StO2 ≤ 32% OR StO2 diff > −38% OR NPI ≤ 32.9 OR NPI diff. ≥ −13.4%) was 
18.2 ± 19.4 h, resulting in a difference of 4.8 ± 5 h (p < 0.001(**)) (Figure 9B). 

Figure 8. Boxplot showing the distribution of StO2, StO2∆reference, NPI and NPI∆reference comparing flaps with and
without revision following poor perfusion. Asterisk (*) marks existing significance.

207



J. Pers. Med. 2021, 11, 1101

Of a total of 19 compromised flaps, 12 (36.8%) occurred within the first 24 h postopera-
tively. The exact distribution is shown in Figure 9A. To calculate the duration from flap inset
(t3) to the detection of malperfusion in HSI, the mean values of StO2 (32.6%), StO2∆reference
(−38.1%), NPI (32.9) and NPI∆reference (−13.4%) were used for dichotomization. If there
was a negative deviation (<StO2; <NPI; >StO2∆reference; >NPI∆reference) from one of the
parameters, the respective measurement time was counted as the detection time. Overall,
the mean time from flap inset to decision making for re-exploration based on clinical
assessment was 23.1 ± 21.9 h. In contrast, the average time from flap insertion to the
appearance of hyperspectral criteria of inferior perfusion (StO2 ≤ 32% OR StO2 diff > −38%
OR NPI ≤ 32.9 OR NPI diff. ≥ −13.4%) was 18.2 ± 19.4 h, resulting in a difference of
4.8 ± 5 h (p < 0.001(**)) (Figure 9B).
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4. Discussion

In this study, monitoring of free flap perfusion in the head and neck region was
compared between clinical assessment and hyperspectral imaging. As the major finding,
malperfusion could be detected at a mean of 4.8 h earlier with the help of Hyperspectral
Imaging (HSI) when compared to clinical examination. In addition, general information on
the perfusion characteristics of the included flap types were presented.

Postoperative flap monitoring is a key component for successful free tissue transfer
whereby early detection of malperfusion is the pivotal criterion for treatment success
as only early detection can ensure timely re-exploration to avoid flap failure [21]. One
measure of this is the overall salvage rate which is reported to be from 60% up to 80%
on average (63% in the present study) [22,23]. However, this neglects the subdivision
according to the underlying cause (venous or arterial), with the salvage rate being signifi-
cantly lower for arterial thrombosis [24]. To overcome the issue of delayed re-exploration
due to late detection of malperfusion, several monitoring methods have been developed
during the last decades, including the implantable Doppler, color duplex sonography,
near-infrared spectroscopy, laser Doppler flowmetry, fluorescence angiography and micro-
dialysis [10,25–28]. The ideal flap monitoring technique should be continuous, accurate,
cost-efficient, non-invasive, safe, objective, recordable, reliable, reproducible, sensitive,
highly spatially resolved, easy to use/interpret and applicable to all flap types [29]. As
currently no single traditional monitoring technique meets all these requirements, clinical
examination, as the least reproducible and little to no objective technique, still remains the
most frequently used [10]. However, clinical assessment depends on evaluator experience
and it is only reliable when the flap color changes significantly into pale or blueish [30].
In addition, technical monitoring support is only used by 30% of the surgeons whereas
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the Doppler (handheld or implanted) is the most commonly used method for free flap
monitoring [31]. In addition to increased costs due to consumables and acquisition, the
experience-dependent classification of measurement results is also cited as a limitation
of technology-based monitoring techniques [30]. When color duplex ultrasound is used,
microanastomotic vessels can also be visualized in embedded flaps. It is a non-invasive
and quantitative flap monitoring technique, whereby its use requires special training. The
implantable doppler is placed distal to an anastomosis in contact to the vessel, to allow
continuous measurement of blood flow [32]. However, it is an invasive technique that does
not allow quantitative measurement. Laser Doppler flowmetry (LDF) is also frequently
used for monitoring of free flaps whereby probes are implanted or applied to the flap
surface. In this context, Yoshino et al. could not distinguish between arterial and venous
malperfusion when monitoring 37 intraoral free flaps with LDF [33]. In contrast, Muecke
et al. demonstrated in an animal study that the combination of at least two different
technical monitoring methods (ICG and flowmeter) improved the monitoring of critical
and/or buried flaps, whereas the use of the multispectral technique (O2C) diminished
the predictive value [34]. In contrast, Hölzle et al. described the successful use of O2C
(Oxygen-to-see, LEA-Medizintechnik GmbH, Giessen, Germany), a device combination
of laser doppler flowmeter and tissue spectrophotometry, to monitor free flaps and to
detect flap malperfusion at an early stage [35]. Compared to multispectral methods, the
use of the complete and high-resolution spectrum (hyperspectral) results in significantly
increased reliability and reproducibility of parameter determination [36]. Providing non-
contact, non-invasive measurements, HSI allows perfusion monitoring status in different
tissue layers/depths through pictorial representation of parameters calculated from the
spectra (tissue oxygenation saturation (StO2), Near-Infrared Perfusion Index (NPI), Tissue
Haemoglobin Index (THI), and Tissue Water Index (TWI)). Using the THI, additional
conclusions can be drawn about the underlying cause of perfusion failure (venous versus
arterial perfusion compromise) [1]. However, in the present study there was no significant
correlation between StO2 or NPI and THI. There were no signs of impaired flap perfusion
at flap origin (t0), at flap/pedicle preparation (t1), directly after anastomosis (t2) or after
flap inset (t3), as StO2, NPI, THI and TWI did not differ significantly between Group 1(R−)

and 2(R+). The characteristics of the blood flow dynamic of free flaps prior to the actual
tissue transfer as well as its possible reasons have already been presented in a previous pub-
lication [1]. During t4, StO2 was significantly lower on average in Group 2(R+) (34.9 ± 10%)
than in Group 1(R−) (49.1 ±13.5% p < 0.001). This, in turn, is in line with the earlier findings
of our group, as well as with those of Kohler et al., defining 40% as the lower limit of
StO2 in normal perfused flaps [1,37]. In both of these pilot studies, the low number of
malperfused flaps (<10) must be taken into account with regard to their significance. Deep
tissue perfusion (represented by NPI) was also significantly lower (37.3 ± 7.5 p < 0.001)
in Group 2(R+) within the first 12 h (t4) in contrast to Group 1(R−) (43.75 ± 10.52). No
significant differences were found for THI and TWI.

Since StO2 and NPI are not independent of systemic total haemoglobin (regarding the
relationship between Hb and StO2), we consider the drop rate (∆reference), as a measure
of the systemic blood flow situation (adjacent reference site), providing high predictive
value. This is in accordance with Keller et al. who stated the drop rate as a meaningful
instrument [38]. In comparison between group 1(R−) and 2(R+), both StO2

∆reference and
NPI∆reference were overall (t4–t10) significantly lower in group 2(R+) (Figure 8). Previous
studies on medical HSI were able to investigate its application in the field of visceral surgery,
as well as plastic reconstructive surgery. In this context Barberio et al. implemented HSI
as an intraoperative surgical guidance tool, using its capability of accurate detection
and visualization of perfusion changes in the region of ischemic bowel segments [39].
The same group was able to demonstrate the successful usage of HSI and confocal laser
endomicroscopy (CLE) for perfusion monitoring in esophageal surgery [40]. In a preclinical
animal study, Chin et al. demonstrated the successful use of hyperspectral imaging for
early detection of malperfusion in random axial flaps [41], as well as Grambow et al.
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revealed real-time perfusion monitoring of the rats’ hind limb after vessel transection and
re-anastomosis [12]. Recent approaches have been able to successfully perform automated
tissue classification and differentiation ex- and in-vivo based on hyperspectral cubes using
deep learning algorithms (neural networks and computer vision) [14,42,43].

Disadvantages of HSI are a relevant dependence on ambient illumination, as well as
the lack of applicability in heavily pigmented individuals due to extended light absorption.
The issue of illumination particularly affects intraoral skin islands, but these can probably
be better examined in the near future with a newly developed endoscope variant of the
system used. Furthermore, the number of microvascular flaps included must be mentioned
as a study-specific limitation, although the crucial number of poorly perfused flaps (19),
presents a valuable and representative collective of the main subject. While the sensitivity
to detect malperfusion is the same for clinical monitoring and HSI (100%), we demonstrated
that HSI indicates poor perfusion significantly earlier (4.8 h).

5. Conclusions

On average, evidence of critical flap perfusion occurred 4.8 h earlier in hyperspec-
tral imaging when compared to clinical assessment. Therefore, our findings provide an
interpretation aid for clinicians to simplify postoperative flap monitoring.
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Abstract: Non-healing extensive wounds in the perineal region can lead to severe soft tissue infections
and disastrous complications, which are not manageable with conservative measures. Specifically in
recurrent or advanced pelvic malignancies, irradiation often leads to extensive scarring and wound
breakdown, resulting in significant soft tissue defects during surgical tumor excision. Among several
surgical options to reconstruct the perineum, the transpelvic vertical rectus abdominis myocutaneous
(VRAM) flap has proven to be one of the most reliable methods. Specific modifications of this flap
allow an individualized procedure depending on the patient’s needs. We modified this technique to
include the urethral orifice into the skin paddle of VRAM flaps in three patients as a novel option to
circumvent urinary diversion and maintain an acceptable quality of life.

Keywords: perineal reconstruction; VRAM flap; neourethra; urethral reconstruction

1. Introduction

Perineal, genital and vulvar or scrotal defects often occur after infections or cancer
treatment and are difficult to handle by conservative measures. As for the former, Fournier
gangrene, a necrotizing fasciitis of the perineum and external genitals, is a life-threatening
disease, which mainly affects male patients. Its main treatment includes aggressive debride-
ment, resulting in extensive soft tissue defects in the perineal region [1]. As for the latter,
irradiated relapsing vulva, anal or rectal cancer can lead to severe soft tissue infections
and disastrous wounds that significantly impede the patient´s quality of life. In current
modern oncological concepts of far advanced cases of pelvic malignancies, chemoradio-
therapy is an established therapy. It may provide temporary symptomatic relief; however,
it can deteriorate existing wounds [2–7]. Neoadjuvant radiotherapy can lead to wound
breakdown, urinary and sexual problems, as well as postoperative bowel dysfunction [8].
Furthermore, exposition of the pelvic floor after pelvic exenteration often creates a risk of
intestinal fistulas, and prior irradiation increases this risk [9].

The usefulness of a transpelvic vertical rectus abdominis myocutaneous (VRAM) flap
has been extensively demonstrated as a method of choice to revascularize irradiated pelvic
floor defects and to reconstruct the vagina [6,10–14]. From our experiences with more
than 300 patients receiving VRAM flaps for pelvic, perineal and vaginal reconstruction, we
previously published the reconstruction of postoncological perineal and vaginal defects
in 142 female patients [12]. The more seldom extrapelvic route of VRAM flap transfer has
been described in cases where laparotomy is not necessary for tumor resection [15]. In the
case of perineal defects due to Fournier gangrene, the VRAM flap has only been used for
extensive defects due to its bulkiness [16,17].

The majority of patients with pelvic malignancies who undergo exenteration need uri-
nary diversion, e.g., in the form of an ileocolonic reservoir [18]. However, this often comes
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with complications such as ureteral strictures, pyelonephritis, difficulty in catheterization,
or urinary stones [19]. Health-related quality of life is known to be negatively affected by
a urostomy, leading to less participation in recreational activities and avoidance of social
relationships [20].

We report on the extension of the surgical algorithm in reconstruction of complicated
perineal wounds with VRAM flaps, utilizing an extrapelvic or transpelvic route combined
with the creation of a neo-urethral orifice into the skin paddle of the VRAM flap in three
patients. With this novel method, one can circumvent urinary diversion and maintain a
better quality of life.

2. Patients and Methods
2.1. Technique of Surgery

The technique of harvesting of the VRAM flap and its translocation to the perineal
area in an intrapelvic manner has been described in detail [10,21,22]. Briefly, a vertically
oriented abdominal skin island is planned according to the (prospective) defect size in
the perineal area and placed over the rectus muscle, preferably the right one. After the
skin island is incised down to the anterior rectus sheath, the rectus muscle is raised from
top to bottom after ligation of the superior epigastric vessels. During this procedure, the
posterior rectus sheath is left intact and the skin island remains connected to the underlying
muscle. The inferior epigastric vessels are visualized and dissected down to the external
iliac vessels.

In the case of pelvic exenteration, a transpelvic translocation of the VRAM flap is used,
and the attachment of the rectus abdominis muscle to the pubic bone is released, giving
care to preserve the vascular pedicle by leaving the pyramidal component of the muscle
insertion. Depending on the area to be reconstructed, the flap is then rotated at 180 degrees
either into the pelvic cavity so that the skin paddle closes the defect with the proximal part
facing the sacrum or it is transposed into the defect via a wide subcutaneous tunnel. By
splitting a part of the skin paddle, a neovaginal orifice can be created if necessary.

When the urethra is maintained with a sufficient stump as in this series, a urethral
orifice is created in the middle of the skin flap. The prospective location of the neourethra
is marked on the skin paddle and the rectus muscle is carefully incised, preserving the
epigastric vessels. The incision is continued through the skin paddle. A urinary catheter is
pulled through the created orifice and placed into the remaining urethra. After the VRAM
flap is sutured into the defect site, the bulky fat tissue of the skin island overlying the new
orifice is carefully removed so that the urethral tissue can be sutured to the overlying skin
with absorbable sutures.

An extrapelvic route can be used in cases where there is no need to occlude any dead
space in the pelvis as is presented in this series. In this case, attachment of the rectus
abdominis muscle to the pubic bone is left intact and a subcutaneous tunnel is created
between the rectus muscle and the tissue of the pubic region until the defect site is reached.
The muscle is carefully pulled through the subcutaneous tunnel, giving care not to stress
the vascular pedicle. The neourethra can be reconstructed in case of a sufficient remaining
urethral stump, as described above (Figure 1).

In both cases, the rectus sheath is reconstructed with an alloplastic mesh and the
abdominal skin can be directly closed [22]. If necessary, indocyanine green angiography
can be used to confirm adequate flap perfusion at the end of the surgery [23,24].
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Figure 1. Schematic illustration of folded skin island of VRAM flap and neourethral orifice as
well as of rectus abdominis muscle, tunneled subcutaneously. The flap donor site is closed with
alloplastic mesh.

2.2. Case 1

A 67-year-old female patient with recurrent melanoma of the vulva had undergone
prior skinning vulvectomy, inguinal lymphadenectomy, radiotherapy, and chemotherapy.
She further developed liver metastasis and chronic pain of the vulva, impeding sitting.
A necrotic tumor, measuring 6 cm could be inspected in the vaginal introitus. An inter-
disciplinary surgical procedure was performed with the gynecologists, which included
radical vulvectomy, bilateral colpectomy, resection of the distal urethral, which was also
infiltrated by the tumor. The resulting defect was reconstructed with an extrapelvic VRAM
flap with a 30 × 12 cm2 big skin paddle. Because intraoperative frozen sections of the
resection margin of the distal urethra were tumor-free, a reconstruction of the remaining
urethra was performed. For this purpose, a urinary catheter was tunneled through the
middle of the VRAM flap, protecting the vascular pedicle, and inserted into the bladder
through the remaining urethra. During the postoperative course, the VRAM flap healed
without any complications, and the urinary catheter remained in the flap until the patient
was discharged. A cystoscopy before discharge revealed no abnormalities. The patient
received adjuvant chemotherapy in the Department of Dermatology and succumbed half
a year later due to progressive multiple metastases, but expressed a comparatively good
quality of life in terms of the defect reconstruction and the possibility to urinate through
the neo-orifice.

2.3. Case 2

A 79-year-old female patient with recurrent vulva carcinoma had undergone multiple
tumor excisions, lymphadenectomy, and radiotherapy. Another tumor recurrence even-
tually led to colpectomy, partial urethral resection, and brachytherapy. Half a year later,
she was diagnosed with another recurrence, occupying the whole right labia. Furthermore,
the rectum was infiltrated by the tumor. An interdisciplinary surgical procedure was
performed with the gynecologists and the general surgeons, which involved a radical
vulvectomy and excision of the rectum, respectively. Parts of the remaining urethra were
also excised and analyzed via intraoperative frozen sections, which showed no signs of
tumor infiltration. The resulting defect was reconstructed with a transpelvic VRAM flap
with a 21 × 7 cm2 big skin paddle according to the defect size. A neourethra was created
with the remaining parts of the urethra as described above. A urinary catheter was inserted
through the neourethra in the VRAM flap and into the remaining urethra. The VRAM flap
healed without any complications and the patient succumbed one month later due to the
progressive tumor disease.
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2.4. Case 3

A 68-year-old male patient with a history of dilated cardiomyopathy, atrial fibrillation,
hypertension, diabetes, and obesity developed Fournier gangrene after left epididymitis,
which led to radical debridement of the perineal region, including left orchiectomy and
penectomy (Figure 2).
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Figure 2. Extensive defect after radical debridement including penectomy for Fournier gangrene in a
68-year-old male patient. Urinary catheter is inserted into the remaining urethra.

He received a suprapubic cystostomy and a diverting colostomy. After the wound
was conditioned via vacuum-assisted closure (Figure 3), reconstruction of the extensive
wound was performed via an extrapelvic VRAM flap (Figure 1).

216



J. Pers. Med. 2021, 11, 1076
J. Pers. Med. 2021, 11, x FOR PEER REVIEW 5 of 10 
 

 
Figure 3. After adequate debridement, defect reconstruction was planned with an extrapelvic 
VRAM flap from the left abdomen. Skin paddle is marked. 

A urinary catheter was tunneled through the middle of the VRAM flap, protecting 
the vascular pedicle, and inserted into the bladder through the remaining proximal ure-
thra, measuring 2 cm (Figure 4). Afterwards, the flap was sutured into the defect and 
showed adequate perfusion (Figure 5). 
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Figure 3. After adequate debridement, defect reconstruction was planned with an extrapelvic VRAM
flap from the left abdomen. Skin paddle is marked.

A urinary catheter was tunneled through the middle of the VRAM flap, protecting the
vascular pedicle, and inserted into the bladder through the remaining proximal urethra,
measuring 2 cm (Figure 4). Afterwards, the flap was sutured into the defect and showed
adequate perfusion (Figure 5).
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Figure 4. The VRAM flap was tunneled subcutaneously in an extrapelvic route to be placed into the
perineal defect. A urinary catheter was tunneled through the middle of the VRAM flap and into the
bladder through the remaining urethra. The old urinary catheter is still in place.
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A few days later, the patient developed a hematoma under the flap, making surgical
revision necessary. After hemostasis, the resulting wound was partially left open due to
excessive swelling of the flap. Vacuum-assisted closure was applied and when swelling
was reduced after several days, the defect was partially closed and partially reconstructed
with a split-thickness skin graft. The patient developed renal insufficiency, which was
managed by fluid resuscitation. A symptomatic pleural effusion was drained adequately.
The further postoperative course was then uneventful and both the flap and the skin graft
healed properly. The patient developed melanoma of his eye a few years later, leading
to enucleation of his right eye. He paid regular visits to the urological department for
changing his urinary catheter and was satisfied with the neo-orifice in the VRAM flap that
he felt as an approvement compared to his intermediate previous situation.

3. Discussion

The VRAM flap has been a valuable tool for pelvic floor reconstruction in conjunction
with oncological surgery of pelvic malignancies [6,10,12,21,22]. Gentileschi et al. have
alternatively propagated the use of anterior lateral thigh (ALT) perforator flaps for recon-
struction after vulvar cancer extirpative surgery due to a lower donor site morbidity [25].
There are certainly several reconstructive options to deal with defects in this context [21].
The VRAM flap is particularly suitable for cases of simultaneous reconstruction after tumor
resection through an open laparotomy. In cases of secondary reconstruction, where a
laparotomy is not indicated, alternative flaps can be used. However, there may be some
limitations to harvesting a pedicled flap from the thigh when neoadjuvant extensive irradi-
ation of the groin or thigh has been performed and lymphatic backflow in the extremity is
compromised, resulting in donor site complication [26]. In the case of pelvic exenteration
dead space, Gentileschi et al. harvested vastus lateralis muscle with the ALT flap [25].
Similar to standard bowel diversions through a rectus muscle, the vastus lateralis muscle
may act as an additional buffer unlike a fasciocutaneous flap. Thus, we believe in the bene-
fits of well-perfused muscle as can be found in a (transpelvic) VRAM flap to reconstruct
irradiated perineal, vaginal, and/or gluteal regions. We were able to show an enormous
improvement of both wound healing and quality of life in female patients with advanced
or relapsing rectal, anal, or vaginal cancer. Patients did not report significant impairment
in terms of sexual function as is commonly the case after abdominoperineal excision or low
anterior excision and neoadjuvant radiotherapy as part of rectal cancer treatment [8,12].
Obviously, VRAM flap reconstruction leads to a lower complication rate after radical pelvic
exenteration than in patients without a flap reconstruction, even though the extent of
resection is usually larger and cancer disease is more advanced in those patients receiving
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radical pelvic exenteration. In addition, pelvic floor repair with a transpelvic VRAM flap
reduces the number of perineal herniations when compared to primarily closed patients
without flaps [27]. Modifications of the flap include splitting the distal portion longitu-
dinally to produce “tongue” flaps to resurface vaginal and anal surfaces and creation of
a neovaginal orifice through the central portion [15,28]. To our knowledge, creation of a
neourethra by suturing the remaining stump to the surrounding tissue of the skin island
has not been described as a modification of the VRAM flap so far.

Bregendahl et al. were able to show urinary dysfunction is also common in women
after treatment for rectal cancer, especially after preoperative radiotherapy [8]. However,
other malignancies such as vulvar cancer also necessitate (partial) urethral resection in
the case of tumor infiltration, which might cause urinary tract dysfunction [29]. Reports
on urethral reconstruction are scarce. Franchi et al. created a urethral neomeatus with
vaginal mucosa in cases of partial urethrectomy [29]. However, in cases of radical pelvic
exenteration, this option is not available. In male patients, the radial forearm free flap is the
gold standard for reconstruction of the penis as well as the neourethra after penectomy or
in terms of gender assigning surgery [30]. Phalloplasty with a radial forearm free flap has
even been reported in a case after penectomy for Fournier gangrene. The reconstruction
was successful even though the patient presented with comorbidities typical for those
patients experiencing Fournier gangrene [31]. However, in the acute setting when the
patient is in need of a safe and reliable reconstruction of an extensive defect, microsurgical
procedures are not an option in those multimorbid patients. Fournier gangrene is a
rapidly progressive necrotizing fasciitis of the genital and perineal tissues with a high
mortality rate. Initial treatment includes radical surgical debridement of the affected
tissues, broad spectrum antibiotics, and cardiopulmonary support [1,16,32]. After wounds
have stabilized, reconstruction is needed, preferably with a technically simple and safe
method. Loose wound approximation or split thickness skin grafts are only feasible in
small or superficial wounds [1]. An extensive wound as described in our patient (Case 3)
necessitates a flap coverage. Fasciocutaneous flaps as the pudendal thigh flap provide good
cosmetic outcome and intact sensation [1]. For its bulkiness, the VRAM flap has rarely been
used because it does not mimic the normal scrotum in appearance [17]. However, in defects
as presented in our case where a penectomy was necessary, the VRAM flap is a safe and
reliable option to reconstruct the whole defect area in the morbid patient. The VRAM flap
is traditionally delivered in a transpelvic manner, using an intraperitoneal route. In cases
where laparotomy is not used for tumor resection, an extrapelvic route is preferred [15].
This is also the case for tumors limited to the anterior part of the pelvis as described in our
first case of recurrent melanoma of the vulva without rectal infiltration or in our third case
of extensive genital and perineal defects after radical debridement, including penectomy
due to Fournier’s gangrene.

The limitations of this study include the short follow-up period of our first two cases
due to the palliative situation. The first patient succumbed to her metastasized end-stage
melanoma disease approximately 6 months after she was discharged from the gynecological
department. We do not know if voiding without the urinary catheter was possible, but
2 months after the surgery, a cystoscopy could be performed easily through the neourethra.
Cystoscopic findings and histological specimens of the remaining urethra did not reveal any
pathologies. As described previously, long term observations of vaginal reconstructions
with the VRAM flap showed that although the abdominal skin of the flap island is not
primarily accommodated to the moist milieu of the vagina, the skin island seems to adapt
to the new surrounding conditions even when the whole vagina was reconstructed with
two flaps [33]. All in all, our study population was characterized by high morbidity and
we were not able to quantify health-related quality of life with validated scores. However,
all patients reported a subjective improvement of quality of life at follow-up visits, which
were short for the majority of patients. The only alive patient with a potentially longer
follow-up had multiple comorbidities typical for those suffering from Fournier gangrene
and was diagnosed with melanoma a few years later. Documentations from his latest visits
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to the Department of Urology suggest regular changes of his urinary catheter. Removal of
the catheter was not desired by the patient probably due to comfort reasons and because
voiding without a penis might have imposed a great psychological challenge to the patient.
A phalloplasty has not been desired by the patient so far. To evaluate the benefits of this
modified technique of perineal and urethral VRAM flap reconstruction, a long-term follow-
up of a set of younger and healthier patients would be necessary. However, Nigriny et al.
reported on a case of perineal reconstruction with an extrapelvic VRAM flap and creation
of a neovaginal and urethral orifice similar to our technique in a 54-year-old woman with
anal squamous cell carcinoma. After a follow-up of 38 months, she maintained urinary
continence. This case supports the viability of our technique [15].

When weighed against the gain in quality of life, the VRAM flap reconstruction is a
readily available and safe tool to optimize the outcome even in palliative and multimorbid
cases. All patients in this series described a subjective significant improvement in their
quality of life by this repair technique. Taking the negative impact of a urostomy into
account, one should always consider the reconstruction of a neourethra if possible in
conjunction with a perineal VRAM flap reconstruction [20].

4. Conclusions

The VRAM flap is not only a safe and reliable reconstructive option for perineal defects
following abdominoperineal excision—with or without vaginal wall resection—but also for
extensive perineal defects after Fournier gangrene. In the latter case, an extrapelvic route
is preferred. Modifications of the VRAM flap and further personalization of the surgical
approach allow for a neourethral reconstruction in the case of available remaining urethral
tissue. Whenever possible, this technique should be applied to ensure that future urinary
continence may be maintained. This can add enormous improvements to the quality of life
of those patients.
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Abstract: Secondary lymphedema is a very common clinical issue with millions of patients suffer-
ing from pain, recurrent skin infections, and the constant need for a decongestive therapy. Well-
established as a consequence of oncologic procedures, secondary lymphedema is also a well-known
phenomenon after trauma. However, precise epidemiological data of lymphedema progress upon
severe extremity injuries are still missing. In the present work, we analyzed a patient cohort of
94 individuals who suffered open fractures of the lower extremity and soft tissue injury, of 2nd
and 3rd grade according to Tscherne classification, between 2013 and 2019. Typical symptoms of
lymphedema have been obtained via interviews and patient medical records in a retrospective cohort
analysis. Of all patients, 55% showed symptoms of secondary lymphedema and 14% reported
recurrent skin infections, indicating severe lymphedema. Furthermore, comparing patients with and
without lymphedema, additional parameters, such as obesity, total number of surgeries, infections,
and compartment syndrome, related to lymphedema progress could be identified. According to
these data, posttraumatic secondary lymphedema has a highly underestimated clinical prevalence.
Further prospective studies are needed to validate this first observation and to identify high-risk
groups in order to improve patient’s health care.

Keywords: posttraumatic lymphedema; long bone fractures; soft tissue injury; lower extremity

1. Introduction

Lymphedema is a localized fluid collection within the interstitium caused by insuf-
ficient lymphatic drainage, and is a progressive disease, being favored by two aspects:
increased hydrostatic pressure, consequently pressing out more fluid into the interstitium
and furthermore increased oncotic pressure, as lymph fluid is rich in protein [1]. An-
other contributing factor of lymphedema progression is recurrent infections of the skin.
Lymph fluid is an ideal breeding ground for bacteria and even small skin lesions can
lead to severe erysipelas. A rare but serious consequence after recurrent infections is
lymphangiosarcoma [1–3]. According to its etiology, lymphedema can be classified as
primary or secondary. Primary lymphedema is very rare and mostly caused by an innate
dysfunction of lymph vessels. Most patients suffer from secondary lymphedema after
tumor resection, radiation, infection, or overweight [1,3,4]. The most common cause of
secondary lymphedema posed here is tumor resection. In particular, patients after cervical,
axillary, or inguinal lymphadenectomy have a high risk of developing lymphedema [5].
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Diagnosis of lymphedema is mostly based on clinical criteria (volumetry, circumferential
measurements) and the presence of predispositional factors, such as malignant diseases
or trauma. Additionally, ultrasound, CT, MRI, and especially near-infrared-fluorescence
angiography are important tools to gain further clinical information about the severity
and progress of lymphedema [6]. Important differential diagnoses of lymphedema are
lipedema, chronical venous insufficiency, drug-induced edema, or hypoalbuminemia.

A quite underestimated cause of secondary lymphedema is trauma. Patients suf-
fer from secondary lymphedema especially after open or closed fractures of the long
bones [7]. The accompanying lymphedema in the acute phase of bone and wound heal-
ing often leads to delayed wound healing and wound infections, requiring complex and
prolonged treatments.

However, precise data of the prevalence of posttraumatic lymphedema are still miss-
ing. In the present study, we evaluated the prevalence of lymphedema in a patient cohort
who suffered open fractures of the lower leg or thigh between 2013 and 2019, in a sin-
gle institution. Furthermore, this work aimed to assess the prevalence of posttraumatic
lymphedema in this patient cohort, and thereby identify patients who have a high risk of
secondary lymphedema progress.

2. Materials and Methods

The study was conducted according to the guidelines of the Declaration of Helsinki,
and approved by the Institutional Review Board of Ruhr University Bochum. In this
work we performed a retrospective cohort study in order to assess the prevalence of
posttraumatic lymphedema after open fractures of the lower leg or thigh, and to further
identify risk factors of the occurrence of posttraumatic lymphedema. In total, 200 patients
which suffered from open long bone fractures of the lower extremity with soft tissue
injuries of grade 2 and 3 according to Tscherne, and were treated between 2013 and 2019
in a single institution were identified and contacted personally via telephone and asked
about prolonged swelling of the injured extremity, need for compression garments, manual
lymph drainage, pain, and recurrent skin infections.

Soft tissue injury of patients was classified according to ICD-10, adapted from Tscherne
and Oestern classification.

Moreover, clinical, demographic, and outcome data were assessed from medical
records. In total, 106 of these patients could not be contacted successfully and had to be
excluded from the analyzed patient cohort.

The prevalence of lymphedema was defined by the existence of at least a prolonged
swelling and the constant need for a decongestive therapy. Furthermore, references for a
secondary lymphedema had to be found within the medical records, which were based on a
prolonged swelling of the affected limb, the occurrence of pitting edema, or stemmer sign.

2.1. Patients

Inclusion criteria for this study were long bone fractures (femur, tibia, fibula) of the
thigh and lower leg combined with soft tissue injuries grade 2 and 3, according to Tscherne
classification, receiving open reduction, and fixation in a single institution between 2013
and 2019.

2.2. Statistics

Data are shown as means (range) or median. Patients were subdivided into two
groups according to the occurrence of lymphedema and non-lymphedema. Pearson’s
chi-square test and Fisher’s exact test was used for categorial variables (when expected
value of any cell was below 5, Fisher’s exact test was used instead of chi-square test). For
continuous variables, independent t-test was used. p-value below 0.05 was considered
statistically significant.
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3. Results

A total of 70 men and 24 women who suffered from open long bone fractures and
2–3◦ soft tissue injury between 2013 and 2019 were contacted personally via telephone.
According to specific symptoms and additional information based on their medical records,
a secondary lymphedema could be found in 52 (55%) of these 94 patients. Thirteen of these
patients (14%) reported recurrent skin infections, indicating a severe lymphedema of the
injured extremity.

Patient related characteristics are shown in Table 1. Although about three times more
men than women existed in the analyzed patient cohort, no gender specific differences
between the lymphedema and non-lymphedema group could be noted.

Table 1. Patient characteristics.

All Patients
n = 94 (%)

Patients with
Lymphedema

n = 52 (%)

Patients
without

Lymphedema
n = 42 (%)

p-Value
(Comparison)

Age mean (median) 48.6 (16–84) 48.48 (17–84) 48.92 (16–80) 0.904
>40 30 (31.9) 14 (26.9) 16 (38.1) 0.248

40–65 47 (50.0) 32 (61.5) 15 (35.7) 0.013
>65 17 (18.1) 6 (11.5) 11 (26.2) 0.067

Sex
Male 70 (74.5) 42 (80.8) 28 (66.7) 0.119

Female 24 (25.5) 10 (19.2) 14 (33.3)

Obesity (BMI > 30 kg/m2) 12 (10.6) 10 (19.2) 2 (4.8) 0.035

Diabetes mellitus type 2 10 (10.6) 6 (11.5) 4 (9.5) 0.106

Arterial hypertension 29 (30.9) 16 (30.8) 13 (31.0) 0.309

Pain 46 (48.9) 33 (63.5) 13 (30.9) 0.001

The mean age of all patients included was 48.6 years (16–84 years). The mean age of
patients with lymphedema (48.48 years) did not differ from patients without lymphedema
(48.92 years, p = 0.904). Interestingly, when comparing different age groups in detail, a
significantly increased number of patients in the lymphedema group were noted between
40 and 65 years (61.5% vs. 35.7%, p = 0.013).

Furthermore, significantly more patients with severe obesity (BMI > 30 kg/m2) (BMI
upon trauma) suffered from posttraumatic lymphedema (19.2% vs. 4.8%, p = 0.035). No
differences between both groups could be found concerning pre-existing conditions, such
as arterial hypertension and diabetes mellitus type 2. Of great interest was the fact that
significantly more patients with lymphedema (63.5%) suffered from pain in the injured
extremity than patients without lymphedema (30.9%, p = 0.001).

As there were few differences in patient characteristics related to the occurrence of
posttraumatic lymphedema, we wondered if characteristics of the trauma itself, treatment,
and complications could be helpful to find distinct variables related to lymphedema.

Trauma related characteristics are presented in Table 2.
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Table 2. Trauma characteristics.

All Patients
n = 94 (%)

Patients with
Lymphedema

n = 52 (%)

Patients
without

Lymphedema
n = 42 (%)

p-Value
(Comparison)

Trauma
Contusion 27 (28.7) 13 (25.0) 14 (33.3) 0.375

Traffic accident 40 (42.6) 28 (53.9) 12 (28.6) 0.013
Fall 27 (28.7) 11 (21.1) 16 (28.1) 0.071

Soft tissue injury
(Tscherne)
2nd grade 34 17 (32.7) 17 (40.5) 0.362
3rd grade 60 35 (67.3) 25 (59.5) 0.435

Fractured long bone
Femur 7 (7.4) 5 (9.6) 2 (4.8) 0.372
Tibia 92 (97.9) 50 (96.2) 42 (1.0) 0.199

Fibula 26 (27.7) 14 (26.9) 12 (28.6) 0.859

Total number of surgeries
1 7 (7.4) 0 (0) 7 (16.7) 0.003
2 7 (7.4) 1 (1.9) 6 (14.3) 0.042
3 18 (19.1) 10 (19.2) 8 (19.0) 0.982
4 10 (10.6) 6 (11.5) 4 (9.5) 0.753

5 or more 52 (55.3) 35 (67.3) 17 (40.5) 0.009

Multiple fractures 57 (60.6) 35 (67.3) 22 (52.4) 0.141

Vascular trauma 7 (7.4) 6 (11.5) 1 (2.4) 0.099

Polytrauma 13 (13.8) 8 (15.4) 5 (11.9) 0.138

Infection (soft tissue, bone) 32 (34.0) 23 (44.2) 9 (21.4) 0.02

Compartment syndrome 12 (12.8) 10 (19.2) 2 (4.8) 0.035

Skin graft 44 (46.8) 30 (57.7) 14 (33.3) 0.018

Local, pedicled, free flaps 40 (42.6) 28 (53.8) 12 (28.6) 0.014

The vast majority of all patients suffered fractures of the tibia (97.9%), while femur
fractures could only be noted in 7.4%. Furthermore, a slight majority of 67.3% of lym-
phedema patients showed multiple fractures of the lower extremity, however, compared to
non-lymphedema group (52.4%), no statistical difference became evident (p = 0.141).

Comparing different mechanisms of injury in our patient cohort, we categorized
contusion, traffic accident, and fall. Interestingly, a significantly increased number of
patients in the lymphedema group (53.9%) sustained a traffic accident compared to trauma
patients without lymphedema (28.6%, p = 0.013). Soft tissue injury, according to Tscherne
classification (Table 3), was evenly distributed in lymphedema and non-lymphedema
group.

Table 3. Classification of open fractures according to Tscherne and Oestern 1982.

Grade Soft Tissue Injury

1 minimal skin laceration

2 skin laceration, circumferential contusions,
moderate contamination

3 extensive: major vascular and or nerve
damage, compartment syndrome

4 subtotal and complete amputations
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Interestingly, vascular trauma and polytrauma patients were not significantly en-
hanced in the lymphedema group (p = 0.099; p = 0.138), although a distinct trend could be
noted in vascular trauma patients developing a lymphedema.

Having analyzed trauma characteristics of the patients, we were further interested
in treatment and complications as important indicators for lymphedema progress. Sub-
sequently, we matched total number of surgeries, which indirectly exhibited the severity
of trauma and soft tissue injury. Interestingly, only 1.9% of lymphedema patients re-
quired one or two surgeries, while 31% of non-lymphedema patients could be successfully
treated with this small number of interventions. Most lymphedema patients needed five or
more surgical interventions (67.3%), while this quantity was significantly smaller in non-
lymphedema patients (40.5%, p = 0.009). Furthermore, significantly heightened number of
lymphedema patients required skin grafts (57.7%, p = 0.018) or flap tissue reconstruction
(53.8%, p = 0.014).

Finally, infections of soft tissue or bone, as well as the occurrence of a compartment
syndrome of the lower leg seemed to be related to lymphedema development in trauma
patients (p = 0.020; p = 0.035).

4. Discussion

Although posttraumatic lymphedema is a well-known problem of orthopedic surgery,
there is still a lack of precise epidemiological data in current literature. First descriptions
on the occurrence of secondary lymphedema after trauma to the affected limb can be found
in Italian and Russian literature in the 1960s [8,9].

In the present study, we analyzed 94 patients suffering from traumatic fractures and
2◦ and 3◦ soft tissue injury of the lower limb who were treated at a single institution
between 2013 and 2019. Although these patients are believed to be at high risk of devel-
oping secondary lymphedema [7], the data presented here indicate that the occurrence
of posttraumatic lymphedema is a highly underestimated issue. More than half of the
analyzed patients showed typical symptoms of a secondary lymphedema of the injured
limb. This prevalence number is comparable to other patients who are at a high risk of
secondary lymphedema, for example breast cancer patients after complete axillary lymph
node dissection with a prevalence of 20–50% [6]. As already mentioned previously, relevant
literature providing epidemiological data is still rare. Only few studies reported about
the occurrence of this highly relevant issue in trauma patients. For example, Pereira et al.
performed SCIP lymphatic vessel transfer in patients with secondary lymphedema after
trauma, and furthermore were able to surgically prevent development of secondary lym-
phedema after soft tissue injury in a small patient cohort [10,11]. However, no information
was given about the prevalence of secondary lymphedema. Furthermore, successful treat-
ment of prolonged hand lymphedema after trauma was reported in two young woman by
vascularized lymph node transfer [12]. A rare but very serious complication of a prolonged
lymphedema, the occurrence of an angiosarcoma, has been reported by Trattner et al. as a
consequence of posttraumatic lymphedema [13].

While there is certain evidence for the appearance of a posttraumatic lymphedema,
it can only be speculated about the underlying pathomechanism. Interestingly, Szczesny
et al. reported about dilatated lymph vessels and lymph nodes during the follow-up of
patients with lower extremity fractures and assumed an ongoing inflammatory process,
contributing to the development of a secondary lymphedema after trauma [14]. An obvious
explanation in our case series would be the disruption and lack of proper regeneration of
the lymphatic system at the injury site.

After defining the prevalence of posttraumatic lymphedema in this particular patient
cohort, which is demonstrably at high risk, we were interested in further patient or trauma
related properties that could be used to define high-risk groups.

Interestingly, only limited findings could be concluded from patient characteristics.
While obesity seems to contribute to lymphedema progress in this context, patients’ age
only had little impact. Although significant differences could be detected in the age group
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of 40 years to 65 years, we assume this result to be biased by an increased severity of
trauma within this group. Moreover, we propose that the severity of trauma is directly
related to occurrence of lymphedema. However, which parameters should be taken into
account for this purpose? We assumed that the grade of soft tissue injury directly affects the
incidence of posttraumatic lymphedema, which could be concluded from oncologic studies,
examining the occurrence of secondary lymphedema after extremity sarcoma resection.
According to Wu et al., patients with large tumors at the medial thigh have the highest risk
of secondary lymphedema after tumor resection [15].

To our surprise, soft tissue injury classification according to Tscherne did not show
significant differences in the occurrence of a lymphedema, and therefore seemed not to be
suitable, similar to the assessment of multiple fractures or polytrauma.

The most sensitive parameter which could be identified in the data analysis was the
number of total surgeries. Only one patient requiring two surgeries developed a lym-
phedema, while 31% of patients in the non-lymphedema group with one or two surgical
interventions was free of lymphedema symptoms. The authors assume the number of surg-
eries to be a sensitive parameter for trauma severity, as patients with highly traumatized
soft tissue often require multiple surgeries.

We provide first data reporting the prevalence of secondary posttraumatic lym-
phedema. However, these data are preliminary and need to be further validated by
prospective studies. Furthermore, classification of soft tissue injury has been performed
by different surgeons, which could have caused a possible bias and has to be taken into
account when interpreting these data.

Further limitations of this work concern the retrospective lymphedema assessment
based on telephone interviews and the corresponding medical records.

5. Conclusions

The analysis of this patient cohort suffering from lower extremity fractures and soft
tissue injury did reveal a very high prevalence of secondary lymphedema, even multiple
years after trauma. The results of this study suggest that the appearance of a posttraumatic
lymphedema seems to be a highly underestimated clinical issue. Although the first interest-
ing parameters for identification of high-risk groups could be identified, further studies are
mandatory to identify patient cohorts who are at highest risk of lymphedema development.
This may help to reduce the burden of chronic lymphedema for these patients or could
even help to prevent the occurrence or enable early interventions to decrease symptoms.
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Abstract: Perforator flaps have become one of the leading procedures in microsurgical tissue transfer.
Individual defects require a tailored approach to guarantee the most effective treatment. A thorough
understanding of the individual vascular anatomy and the location of prominent perforators is of ut-
most importance and usually requires invasive angiography or at least acoustic Doppler exploration.
In this study, we aimed at evaluating different non-invasive imaging modalities as possible alterna-
tives for perforator location detection. After a cooling phase, we performed thermal, hyperspectral
and Laser Doppler imaging and visually evaluated a possible detection of the perforator for a period
of five minutes with an image taken every minute. We identified the most prominent perforator
of the deep inferior epigastric artery by handheld acoustic Doppler in 18 patients. The detected
perforator locations were then correlated. Eighteen participants were assessed with six images each
per imaging method. We could show a positive match for 94.44%, 38.89%, and 0% of patients and
92.59%, 25.93%, and 0% of images for the methods respectively compared to the handheld acoustic
Doppler. Sex, age, abdominal girth, and BMI showed no correlation with a possible visual detection
of the perforator in the images. Therefore, thermal imaging can yield valuable supporting data in the
individualized procedure planning. Future larger cohort studies are required to better assess the full
potential of modern handheld thermal imaging devices.

Keywords: perforator flaps; flap imaging; microsurgery; DIEP; thermal imaging; hyperspectral
imaging; laser Doppler

1. Introduction

Skin defects secondary to chronic wounds, traumatic or oncological conditions require
effective closure. Depending on the patient’s prerequisites and the extent of the defect
and the involved tissues, a tailored approach needs to be derived for every such defect.
One of the main techniques of reconstruction is the use of perforator flaps which have
gained tremendous popularity in recent decades and were adopted into widespread fields
of application throughout plastic and reconstructive surgery. A perforator flap is used for
microsurgical tissue transfer of tissue(s) that are supplied by a single perforating artery
and concomitant veins that derive from a deep vascular system and pierce (perforate)
the underlying fascia or muscle. One of the most viable perforator flaps is the deep
inferior epigastric perforator (DIEP) flap, which is located on the lower abdomen and
mostly used for breast reconstruction due to its relatively voluminous constitution [1]. A
profound understanding of the individual vascular anatomy is a necessary requirement
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for proper surgery planning, optimal surgical procedures, and successful outcome [2,3].
Despite known anatomical landmarks, individual features often necessitate preoperative
imaging, especially with the DIEP flap, given its branched vascular anatomy and the
often-pronounced thickness of the adipose layer [4–6]. Particularly the use of delicate
perforators of a few millimeters’ diameter calls for a diligent individualized approach;
insufficient understanding of the precise location of a perforator may jeopardize the entire
procedure [7]. Perforator mapping has not only been demonstrated to increase safety, but
to reduce morbidity, hospital length of stay and duration of surgery [5].

Depending on the respective institution, several perforator detection methods are
in use, with CT- or MR-angiography (CT-A, MR-A) being the gold standard that could
be complemented with new techniques [5,8–11]. Critics of these techniques describe sev-
eral limitations thereof, e.g., radiation exposure (CT-A), need for an intravenous contrast
agent, or imprecise transferability from a digital image rendered on a screen to the actual
patient [12]. Generally accepted alternatives include duplex sonography or handheld
acoustic Doppler [13–15]. In addition to CT-A, MR-A or duplex sonography, the preop-
erative perforator detection is frequently conducted using a handheld Doppler device at
our institution. The handheld Doppler is preferred by many surgeons in clinical practice,
given its widespread availability, its portability and low cost, while being able to locate
perforators pre-, intra- and postoperatively [16]. It is straightforward to use and said to
be the most commonly used perforator detection device [14]. Yet, some authors doubt its
performance [17]: Like the color-coded Doppler ultrasound, the handheld Doppler requires
training and is highly user-dependent, leading to reduced reliability, especially in small
caliber vessels [18–20]. Moreover, its feedback is solely provided by an acoustic signal
rather than a visible image that could indicate caliber and spatial orientation of the vessel.
According to our own and the experience of other institutions, the handheld Doppler is a
reliable tool for perforator detection with appropriate training [21]. Yet, a non-invasive,
user-independent device with direct spatial correlation to the patient would be a valuable
addition to the armamentarium of plastic and reconstructive surgeons.

The recent, diversified use of modern imaging devices for perforator detection and
variable availabilities of devices [22–25] triggered the idea of comparing mobile smartphone-
based thermal imaging (TI), hyperspectral imaging (HS) and Laser Doppler (LD) after a
brief application of a cooling pack to the handheld Doppler. TI has been described as a
quick and easy method warranting further investigation to assess thermal perforators in
previous studies [9]. HS is a more recent technology assessing perfusion and oxygenation
of tissues in different skin depths (up to 6 mm) [26,27]. This technique allows differenti-
ation between better and lesser perfused areas, allowing for the indirect localization of
a perforator [20]. LD is used routinely in burn surgery to assess tissue perfusion and,
therefore, burn depth [28]. Furthermore, it is used to assess the perfusion of different
perforator flaps [29].

This study’s aim was to increase evidence and to identify the most suitable non-
invasive, portable imaging device for an individualized perforator identification approach.

2. Materials and Methods

The study was approved by the ethics committee at the Medical University Graz,
Austria (31-477 ex 18/19). Written informed consent was obtained from all individual
participants included in the study. All procedures performed were in accordance with the
ethical standards of the institutional and/or national research committee and with the 1964
Helsinki declaration and its later amendments.

2.1. Detection Devices

TI: Non-invasive TI was performed with the FLIR One® Pro for iOS Attachment for
iOS Smartphones. (FLIR Systems, Inc., Wilsonville, OR, USA). Temperature differences of
up to 0.07 ◦C can be detected by this device, enabling a distinction between the blood flow
in the perforator and the surrounding “cooled” tissue. Detailed specifications are available
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on the manufacturer’s homepage [30]. Imaging acquisition was further processed with the
FLIR One® App.

HS: The TIVITA® Wound (500–1000nm, Diaspective Vision GmbH, Am Salzhaff-
Pepelow, Germany) was used for HS imaging. This technology uses the remission of light
of different wavelengths of illuminated tissues to assess parameters like perfusion, oxygen
saturation, and hemoglobin content. There is no direct contact between the device and
the patient, and the results are visualized by color-coded images on a computer. Detailed
specifications of the device are available on the manufacturer’s homepage [31].

LD: LD is a non-invasive imaging technique whose working principle is the Doppler
shift of laser light that is backscattered by moving red blood cells in the cutaneous microcir-
culation [32]. The detection of the Doppler shift by optical heterodyning allows for render-
ing of an image, in a technique that can be considered analogous to the acoustic Doppler [33].
The moorLDLS-BI LaserDoppler (785 nm, Moor Instruments Ltd., Axminster UK) was
used for LD imaging, and detailed specifications are available on the manufacturer’s
homepage [34].

2.2. Study Design & Patient Collective

The study was designed as a prospective, monocentric comparison study. The study
collective consisted of 18 patients that were treated for any reason requiring inpatient
treatment at our institution (Division of Plastic, Aesthetic & Reconstructive Surgery).
Inclusion criteria were: (1) inpatient stay at our department, (2) individual willing to
participate in this study, (3) between 18 and 80 years old. Patients that (1) had any prior
surgery in their abdominal region, (2) showed scars on their abdomen, (3) suffered from
any known disease compromising micro-circulation (like diabetes mellitus or peripheral
arterial obliterative disease) or (4) received steroid or other immunosuppressive therapy
were excluded from the study. We chose to further exclude patients with planned DIEP
surgery to not increase burden on those patients.

The patient collective of 18 patients was divided into three groups with six patients
each. Each participant’s abdominal area was investigated with each of the three devices,
with the group determining the sequence of the different acquisition methods to avoid
possible bias by repeated measurements. Group 1’s order was TI, LD, HS; group 2’s order
was HS, TI, LD; group 3’s order was LD, HS, TI. The group allocation was chosen merely
on patients’ age to reach a homogeneous age distribution amongst the groups. Due to the
low case numbers, we chose not to randomize patients.

2.3. Study Course

Prior to any study-related activity, the participants were informed in detail, and
written informed consent was obtained. Sex, age, Body-Mass-Index (BMI) and abdominal
girth (rounded to the full cm) were assessed. The region of interest (ROI) was defined
as a square of 10 × 10 cm spanning from the umbilicus downwards around the midline.
This ROI was chosen based on clinical experience and easy reproducibility. The ROI was
identified and screened for a perforator with the acoustic handheld Doppler.

The ROI was cooled for 20 min with a commercially available cool pack that had been
stored in a temperature-monitored fridge at 5 ◦C for at least 20 h, to diminish perfusion of
the abdominal skin. The cool pack was then removed and the respective image acquisition
method was employed every 60 s for a total of 5 min to evaluate changes in detection
rate over time since cessation of cooling. The subsequent image acquisition methods were
employed following a break of 60 min in the same manner. We therefore acquired 6 images
per patient per imaging method, resulting in 324 images overall. The study course for
group 1 is depicted in Figure 1.
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Figure 1. Exemplary study course for group 1. After 20 min of cooling, thermal imaging was
performed minutely for five minutes. After an hour break the same process was repeated with laser
Doppler and hyperspectral imaging after another hour break.

After completion of image acquisition, two investigators who are plastic surgery
residents experienced in the use of the pencil Doppler, identified the most prominent
perforator in the area independent of each other, which would most likely be chosen were a
procedure to be conducted. If concordance could not be reached, both identified perforators
were used as further reference. Perforators outside the ROI were not considered.

2.4. Image Analysis

The TI, HS and LD images were then screened for a possible perforator (“warmer”
area in TI, “more perfused” are in HS and LD). The identification of a perforator location on
TI, HS and LD images was conducted by two different investigators that were blinded to
the pencil Doppler assessment. The identification was at the discretion of the investigators,
given the lack of predefined requirements for a perforator in these image acquisition
methods in the literature. The ROI in the images was divided into 16 equal squares (4 × 4).
Then, perforator locations in TI, HS and LD images on one side, and the locations of pencil
Doppler identification were compared and matched. A positive correlation (true positive)
was assigned to the image if the perforator’s location in the ROI matched. Any image with
a visible perforator that was distinctly more prominent than the reference perforator was
declared false positive. Several visible perforators were seen as true positive, if at least
one reference perforator was included as well. If no perforator was seen at all, pictures
were classified as true negative (if no perforator had been detected by pencil Doppler) or
false negative if a perforator had been identified by pencil Doppler. First, patients have
been evaluated for their availability of a positive match, but ultimately, since the aim was
to investigate a possible detection over time since cessation of cooling, images have been
evaluated rather than patients.

2.5. Statistical Analysis

Normality testing was not performed given the small sample size and the expected
low power thereof [35]. Data is presented using medians and 25th and 75th percentile.
Specificity, sensitivity, wrong positive and negative rates were calculated using cross-
tabulation. Differences between the groups were determined using One-Way ANOVA.
Spearman correlation coefficient was used to determine correlation between biometric
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parameters and a successful match to investigate a possible bias. The level of significance
was set to p < 0.05. Prism 9.0.2 (GraphPad Software, LLC., San Diego, CA, USA) was used
for statistical analysis.

3. Results

A total of 18 patients were investigated in three different groups (group 1: subject
01-06, group 2: subject 07–12, group 3: subject 13–18). The groups showed no significant
difference in sex, (p = 0.34), age (p = 0.76), BMI (p = 0.30) or abdominal girth (p = 0.27). The
participants’ specifics are displayed in Table 1.

Table 1. Participants’ characteristics. The order of the imaging was determined by the group.
Group 1: Subject 01–06. Group 2: Subject 07–12. Group 3: Subject 13–18. BMI = Body Mass Index.
m.d. = missing data.

Subject ID Sex Age [years] BMI [kg/m2]
Abdominal
Girth [cm]

Perforator
Detection

01 Male 36 m.d. m.d. Left
02 Male 30 22.86 78 Right
03 Male 58 29.30 111 Right
04 Male 41 32.53 108 Left
05 Male 65 m.d. m.d. Left
06 Female 71 27.89 92 Left + Right
07 Female 28 23.88 82 Left + Right
08 Female 22 19.13 68 Left
09 Female 52 23.44 70 Left + Right
10 Male 41 31.56 102 Left
11 Male 61 22.21 92 Left + Right
12 Male 62 23.66 93 Left
13 Male 24 25.98 92 Left
14 Female 24 20.44 70 Left
15 Male 49 32.77 132 Right
16 Female 45 34.72 110 Left
17 Male 60 26.47 100 Left + Right
18 Male 60 25.08 98 Left + Right

Total/median
(25th, 75th
percentile)

66.6% Male
33.3% Female

47.00
(29.50, 60.25)

25.53
(23.01, 31.00)

92.50
(79.00,
106.50)

9 Left, 3
Right

6 Left + Right

3.1. Perforator Detection

In all 18 participants, at least one perforator was detected by pencil Doppler. Nine
participants showed perforators on the left side, three on the right, and six on both sides
with two reference perforators.

In total, 324 images were taken with TI, HS and LD (108 each). In 128 images, a match
was observed (39.51%). One participant (5.56%) showed no match at all, independent of
the imaging method. No correlation was seen between a possible match (true positive)
and any of the parameters mentioned above (p > 0.05). There was no correlation between
the imaging sequence (group) and a possible detection (p > 0.05). Table 2 and Figure 2
summarize the detection of the perforators.
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Table 2. True positive images per patient. Group 1: Subject 01–06. Group 2: Subject 07–12. Group 3:
Scheme 13. TI = Thermal Imaging, HS = Hyperspectral Imaging, LD = Laser Doppler Imaging.

Subject ID TI HS LD

01 6 0 0
02 6 0 0
03 6 3/6 0
04 6 2/6 0
05 6 3/6 0
06 4/6 0 0
07 6 0 0
08 6 0 0
09 6 0 0
10 0 0 0
11 6 0 0
12 6 6 0
13 6 2/6 0
14 6 0 0
15 6 0 0
16 6 6 0
17 6 0 0
18 6 6 0

Total 100/108 28/108 0/108
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Figure 2. Summary of the detection results of the three imaging methods.

3.2. TI Detection

On a patient level, 17 of 18 patients showed a positive match (true positive) resulting in
a sensitivity of 94.44%. One-hundred of 108 images showed a matching perforator resulting
in a sensitivity of 92.59%. All six images of 16 patients showed a positive match. One
patient’s images started to match after two minutes and one patient’s images showed no
perforator at all. The false negative rate is therefore 5.56 (1/18 patients) or 7.41% (8/108 im-
ages). No false positive (0%) perforator has been detected. Since no true negative could be
detected (no patient without a perforator in the handheld Doppler), specificity cannot be
indicated. The temporal aspect did not significantly influence the detection rate, since in
all but one patient’s images the perforator could be seen immediately after the cooling as
well as 5 min later. Figure 3 shows an exemplary TI image with a detected perforator.
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3.3. HS Detection

On a patient level, 7 of 18 patients showed at least on positive match, resulting in a
sensitivity of 38.89%. Twenty-eight of 108 images showed a matching perforator resulting
in a sensitivity of 25.93%. Three patients’ images showed the reference perforator in all
six images, in two patients the perforator was seen for two minutes (3/6 images) and in
two patients for one minute (2/6 images). Eleven patients showed no matching perforator
at all, yielding a false negative rate of 61.11% (11/18 patients) or 74.07% (80/108 images).
No false positive perforator has been detected. Since no true negative had been detected
(no patient without a perforator in the handheld Doppler), specificity cannot be indicated.
Figure 4 shows an exemplary HS image with a matching perforator.
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Figure 4. Exemplary depiction of a marked perforator (A) and the corresponding perforator in the HS (Oxygenation StO2)
image (B). The mark has been removed and is visible palely to not interfere with the HS imaging. The grey arrow shows
another possible perforator that had not been referenced with the pencil Doppler; it was not distinctly more prominent than
the reference perforator.
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3.4. LD Detection

None of the 108 images allowed the detection of the reference perforator yielding a
sensitivity of 0% in this setup. Since no true negative has been detected (no patient without
a perforator in the handheld Doppler), specificity cannot be indicated. Figure 5 shows an
LD image of an abdomen, where no perforator was detected.
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4. Discussion

Our study investigated the usability of non-invasive, portable imaging devices com-
pared to the handheld Doppler to support an individualized approach in abdominal
perforator detection as used in the DIEP flap. We could demonstrate a sensitivity of 94.44%,
38.89% and 0% for TI, HS and LD in this study setup respectively.

While all three methods are used in different clinical indications to assess skin per-
fusion to some extent, the acquired results yielded different outcomes: TI is a rather new
technology indicating a surface’s temperature by a smartphone-compatible plug-in. In
our study, we could reach a sensitivity of 94.44% when compared to the handheld pencil
Doppler device. These results are very promising and quite similar to the ones obtained in
other studies with a sensitivity of 86.2% and a specificity of 80% [36], but could not reach
the sensitivity of 100% and the specificity of 98% postulated by Pereira et al. who compared
the FLIR One to a CT angiography in 20 patients with 38 anterior-lateral-thigh (ALT) flap
regions. These rates, however, strongly depend on the methods of evaluation and the
standard compared to. In our study setup, image acquisition followed a 20 min period
of cooling. This setup was chosen to show the dynamic reperfusion of the abdominal
skin to identify the “competing” perforators as proposed by Weum et al. and Muntean et
Achimas-Cadariu [37,38]. Other study groups have published TI perforator studies with
limited (air fan on the bare abdomen for two minutes) [39] or no cooling at all [23], reaching
a sensitivity of 100% and 67% respectively, compared to their standard (intraoperative
visualization and pencil Doppler). Both study groups used an older TI device with different
specifications. As indicated by de Weerd et al. [40] the “cold challenge” was not reported as
uncomfortable by any patient in our study either, and might prove helpful in identifying a
more efficient perforator having pushed through the cold earlier than the competitors. We
could, however, not reach our goal of completely inhibiting the abdominal skin perfusion
entirely using our cold challenge to visualize the dynamics of reperfusion, as perforators in
all but one participant were seen immediately after removal of the ice pack. Therefore, our
results show a high diagnostic value of the FLIR One TI, which at least complements the
preoperative perforator imaging. We observed no correlation of sex, age, BMI, abdominal
girth with a possible perforator detection, therefore implying a universal applicability in
most patients. TI is a promising and individualized alternative in case CT angiography is
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unavailable or contraindicated (e.g., allergy to contrast agent) or a lack of experience with
the handheld Doppler device to at least support the latter. However, future larger scale
studies are necessary to substantiate these findings. TI can be manually calibrated prior
to its use to adapt to the surrounding temperatures. Furthermore, it impressed with its
ease-to-use requiring close to no training at all, while being cost efficient (currently retails
at 229.99$ at the FLIR One homepage) and readily available. The fact that it is used in a
no touch, non-invasive technique that can be performed basically anywhere additionally
underscores its versatility. Amongst others, its medical applications are the evaluation of
burn depth [41–43], detection of postoperative infections [44] or intra- or postoperative free
flap monitoring [45,46], but it also allows the assessment of specific research interests [47].

The results of the HS imaging could not reach the accuracy of TI. A sensitivity of
38.89% on a patient level, and 25.93% on an image level is surprisingly low in contrast
to the only other HS perforator detection study we could retrieve from the literature:
Goetze et al. achieved a sensitivity of 97% when comparing HS to color-coded ultrasound
in the detection of ALT flap sites [20]. In two of our study participants the detected
perforator was seen for one, and in two participants for two minutes after the 20-min
cooling period, before becoming indistinguishable from the surrounding tissue. Goetze
et al. used a cooling protocol of three minutes with another three minutes of reperfusion
without cooling, in which the images were acquired and showed the highest concordance
after three minutes of cooling and after one minute of reperfusion. This might suggest that
cooling is indeed necessary for a proper perforator detection, but the timing remains to
be investigated. However, it appears that our cooling protocol might have been too long
for most of the perforators to be detected. Other parameters like body temperature and
blood pressure might also influence a detection and should be evaluated as confounding
factors in future assessments. Possibly, another reason for these highly deviating results
might be the fact that a different HS device was used, having other focal points within the
included software package. Another downside we experienced compared to TI was the
unwieldy design of the HS camera and the need for a dark surrounding environment. The
HS camera requires a desktop computer and is therefore attached to a trolley, resulting
in a bulky device, limiting ease of transport from A to B. Retailing at several thousand
Euros, the device requires significant investment. While we could not reproduce the
promising results of Goetze et al. in our study and are unable to recommend the device for
perforator detection with the described cooling protocol, it has been demonstrated to be
of significant value following surgical anastomosis for perfusion monitoring and to detect
underperfused areas within the flap in other studies [48,49]. Some authors postulate it to
be even more effective than the gold standard for flap monitoring, clinical assessment and
handheld Doppler [50,51]. Similar aspects are valid for LD imaging. As we did not detect a
single perforator using LD in our study, we deem it not suitable for perforator detection
in conjunction with our cooling protocol. Significant asset cost, bulky device and training
requirements are similarly valid for LD and for HS imaging devices. Just like HS, the value
of LD does not lie in the detection of perforators, but the detection of perfusion changes,
therefore being a valuable tool for flap monitoring after surgery [52–54].

Limitations & Outlook

One of this study’s limitations is that we have assessed the perforators in a limited
number of patients who were not scheduled for flap surgery; therefore, we had no visual
confirmation of the perforator to serve as control. Furthermore, the low number of partici-
pants in the three groups could possibly conceal an influence of the repeated measurements
and is a limitation for meaningful statistical analysis; due to the low case number, we
also decided not to analyze the influence of co-morbidities and medication on possible
detection. Since no true negatives and false positives were detected, the validation of the
devices in our study is also limited. Our study population consisted of only 33.3% females;
even though we did not demonstrate a correlation between gender and possible detection,
DIEP flaps are usually performed in females. Hence, the gender distribution should be
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listed as a limitation as well. Another major limitation is the fact, that the detection of a
perforator was at the subjective discretion of investigators. We were not able to retrieve
predefined requirements for a perforator to be objectively evaluated as “positive” in these
imaging methods from the literature. To reduce the impact of this limitation, we had two
independent investigators assess the images who were blinded to the handheld Doppler.
Additionally, a possible bias cannot be excluded due to human error. Another limitation
is our study setup that included a 20-min cooling period prior to the imaging, which
might have had an influence on the sensitivity of the devices. Physical parameters like
blood pressure and body temperature, which we did not assess, should also be evaluated
in future assessments to detect possible correlations. Since we defined a ROI below the
umbilicus, it is possible to have missed matching perforators outside of the ROI, and of
course, to have misinterpreted findings. Lastly, since the devices have their imaging focus
in different depths (surface vs. mm), results should be considered complementary and not
competitively.

Future studies should focus on different cooling strategies/protocols, and the question
whether these are actually necessary for perforator detection with TI. They should be
designed as prospective case-control-studies with larger patient cohorts.

5. Conclusions

In conclusion, we conducted this study to assess non-invasive, portable imaging
tools as to their ability to detect perforators. We demonstrated a high value of TI for
perforator detection, being almost as effective as the handheld Doppler device, which
is in frequent use in our institution. To obtain the best possible outcome after surgery,
an individualized approach should be derived. This approach should not only take
into consideration the individual patient, but also the treating physician, institution and
everyone else in patient care. Individual patients requiring a sophisticated reconstruction
with a perforator flap should be planned as individually and personalized as possible.
Therefore, perforator detection by TI can be a valid alternative in a patient with an allergy
to contrast agents, or a surgeon not sufficiently experienced with the handheld Doppler.
Postoperative flap monitoring could be performed by HS or LD, both of which are not
as suitable for perforator detection, according to our results. A combination of available
tools/devices should be used that is most appropriate, with each device being justified
given the respective indication [33] to guarantee the most beneficial possible for the patient.
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Abstract: We describe the preliminary results of a novel two-stage reconstruction technique for
extended femoral bone defects using an allograft in accordance with the Capanna technique with an
embedded vascularized fibula graft in an induced membrane according to the Masquelet technique.
We performed what we refer to as “Capasquelet” surgery in femoral diaphyseal bone loss of at
least 10 cm. Four patients were operated on using this technique: two tumors and two traumatic
bone defects in a septic context with a minimum follow up of one year. Consolidation on both
sides, when achieved, occurred at 5.5 months (4–7), with full weight-bearing at 11 weeks (8–12).
The functional scores were satisfactory with an EQ5D of 63.3 (45–75). The time to bone union and
early weight-bearing with this combined technique are promising compared to the literature. The
osteoinductive role of the induced membrane could play a positive role in the evolution of the graft.
Longer follow up and a larger cohort are needed to better assess the implications. Nonetheless, this
two-stage technique appears to have ample promise, especially in a septic context or in adjuvant
radiotherapy in an oncological context.

Keywords: critical bone defect; vascularized fibula; Capanna technique; Masquelet induced mem-
brane; intercalary reconstruction; bone tumor; ballistic trauma

1. Introduction

Critical diaphyseal bone defects remain a surgical challenge, and several treatment
methods have been described [1–6] (autograft, vascularized fibula, bone transport, diaphy-
seal endoprosthesis, etc.). The gold-standard indications are still a matter of debate, and
the results are variable. Malignant bone tumors, with their specificities, such as chemother-
apy and radiotherapy [7] or septic ballistic trauma, add complexity to this challenging
management [7–10].

We describe a novel two-stage technique for reconstruction of extended femoral bone
defects, combining the allograft technique with inlay of a vascularized fibula (i.e., “Capanna
technique”) [11] and the induced membrane technique (i.e., “Masquelet technique”) [1,12].
We performed this innovative procedure in critical bone defects of at least 10 cm that
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were due to the fact of tumor pathology secondary to carcinologic resection or a traumatic
event. The combination proposed by what we refer to as the “Capasquelet” technique
provides several advantages: the biological chamber with the induced membrane prevents
resorption of the graft and has an osteoinductive role [13–16]; it also limits septic risks, and
it avoids a long one-stage surgery [17]. The vascularized fibula can be more than 20 cm in
size, and it improves both intercalary allograft survival and bone union [18]; some of the
autologous grafts are also impacted at the interfaces [19]. By combining these methods,
the “Capasquelet” technique can pool these advantages: the contribution of a living graft
through the vascularized fibula, associated with the primary mechanical strength of the
allograft in an environment that encourages osteogenesis, and an autologous bone graft at
the extremities.

This preliminary study describes this novel hybrid surgical technique. We assessed
the bone healing, the time to full weight-bearing, and the complications in addition to
conducting a functional score analysis.

2. Method

The Masquelet technique proposes a two-stage procedure combining induced mem-
brane and cancellous autograft [12]. While the Capanna technique offers a hybrid recon-
struction with a vascularized fibula embedded in an allograft [11]. With the “Capasquelet”
procedure, we propose to combine these two methods. This two-stage surgery was per-
formed on four patients in a similar manner. The time between the two surgical stages was
decided on a case-by-case basis (17 weeks (8–24)). An angio-CT scan was systematically
performed before the second stage to check the blood supply and to confirm the feasibility
of performing the vascular anastomosis of the fibular graft.

2.1. Surgical Technique
2.1.1. The First Stage

The two patients with bone tumors underwent initial oncologic resection; the other
patients had post-traumatic septic lesions that required debridement, irrigation, bacterio-
logical sampling, and antibiotic therapy. The femur was prepared with a clear, clean cut in
a healthy zone, if necessary, either transversally (n = 3) or in step-cut (n = 1). The aim of
this first step was to model a cement spacer using high-viscosity Heraeus Palacos® R + G
cement (Hanau, Germany); it has to fill the bone loss as fully as possible. We preferred to
oversize it somewhat in width if the soft tissue coverage was not an issue, as it increases
reconstruction space and facilitates induced membrane closure for the second stage. The
spacer was needed to cover the bone–host interfaces as recommended in the Masquelet
technique [12]. It was enhanced on a locked intramedullary nailing, positioned back and
forth (n = 3) or on a plate (n = 1) (Figure 1).

2.1.2. Interstage Planification

The femoral allograft dimensions were determined to obtain a morphology that
resembles that of the patient as much as possible; the diaphysis shaft width must allow
the fibula to slide into it. We used cryopreserved allografts from the Nantes Multi-Tissue
Bank, in compliance with the criteria of the French Agency of Biomedicine. The delay
between the two stages depended on the indication and its requirements: the degree of
tissue and skin healing or the antibiotic duration in trauma and adjuvant therapy planning
in oncological situations.

2.1.3. The Second Stage

The length and the rotational axis had to be carefully determined before spacer
removal. The vascularized fibula graft required microsurgical expertise for harvesting
and vascular anastomoses. The fibula graft could be ≥4 cm of the bone defect length.
Graft harvesting could be undertaken from the contralateral limb by a second team with
microsurgical skills in order to limit the operative time. The harvesting was performed
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with a tourniquet while ensuring that at least 8 cm [20] of the distal fibula was left in order
to limit malleolar instability. A lateral surgical approach was used to raise the osseous flap.
The fibula was mainly vascularized by an artery from the peroneal artery that entered the
middle-third of the bone. The section must include this part of the bone. After identification
of the artery, it was dissected to its origin from the tibio-fibular trunk [21,22].
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Figure 1. Postoperative X-ray AP and lateral view of the spacers: (A) a plate-enhanced spacer on a
bone defect with step-cut in setting a septic ballistic trauma of the right distal femur (patient No. 4);
(B) an intramedullary nail-enhanced spacer on a bone defect after an Ewing sarcoma resection.

The allograft was left for one hour in a warm physiological serum bath and then
prepared with an oscillating saw in relation to the length of the bone defect; one team
could be devoted to preparing the allograft (Figure 2). The microsurgical anastomosis
was usually performed at the terminal branches of the profunda femoris artery or with an
end-to-side anastomosis with the superficial femoral artery (Figure 2) [23].
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Figure 2. Vascularized fibula embedded in the femoral allograft before implantation. The allograft window makes vascular
anastomosis possible. There was an extra 20 mm after each extremity of the fibula (patient No. 3).

The allograft was reamed to the diameter required (≥2 mm of the maximum diameter
of the fibula). A bone window was created for the passage and preservation of the arteriove-
nous axis given the micro-anastomoses, oriented towards the vascular axis for anastomosis.
The patient’s femur was also reamed, and the reaming material was preserved to perform
a complementary autologous bone graft at the interfaces.
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The composite graft was then placed in the correct orientation, while taking into
account the rotational axes. The fibula had to be well-positioned to obtain an equivalent
proximal and distal overlap of approximately 2 cm.

Stabilization was achieved with a large LCP plate; the graft was held in place by at
least two single cortical screws. Finally, compression was applied at both interfaces after
the autologous graft bone from the reaming was added (Figure 3).
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Figure 3. Progression of a Capasquelet technique reconstruction, using a pangonogram X-ray view, in a 28 year old patient
with high-grade osteosarcoma (patient No. 2): (A) preoperative X-ray, fractured high-grade osteosarcoma with a length
inequality of 80 mm; (B) postoperative X-ray of the 1st surgical stage after carcinologic resection and placement of the spacer
on an intramedullary nail with a length inequality of 60 mm (post-T1 delay: 1 month); (C) postoperative X-ray at 1 year,
residual lower limb inequality of 40 mm.

2.1.4. Postoperative Management

Early mobilization and progressive weight-bearing were allowed postoperatively.
Strictly limited weight-bearing was prescribed for the first six weeks, with progressive full
weight-bearing depending on the patient’s pain and condition.

2.2. Data Collection and Analysis

We performed the “Capasquelet” technique on four patients with bone defects of at
least 10 cm. Two tumors and two traumatic lesions were operated on between 2018 and
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2020 with a minimum follow up of one year. We collected the following data for each
case: age, gender, BMI, characteristics of the defect, and surgical and postoperative data.
Bone consolidation was assessed radiologically (postoperative X-rays were performed at
least every three months until union). This criterion was defined by cortical union of at
least 75%, as determined on standard X-rays. If the assessment of union was inconclusive
on conventional X-rays, the union was assessed using computed tomography (CT) [24].
Surgical intervention to facilitate union of osseous junctions in Henderson type 2 compli-
cations, at least six months after the primary surgery, was defined as non-union [25]. We
selected the International Society of Limb Salvage (ISOLS) method to determine the degree
of integration of the grafts [26]. The functional results were assessed using the EQ5D score
(EQ5D is an instrument that evaluates the generic quality of life) [27].

3. Results

The mean age of the patients was 23.6 years (18–44), the mean length of the femoral
bone defect was 150 mm (100–240), the length of the vascularized contralateral harvested
fibula autograft was 220 mm (150–280), and the duration of the second stage surgical
reconstruction was 520 min (464–580). No fibula donor site morbidity was noted (Table 1).
The four patients did not have comorbidities or risk factors for vascularized graft failure,
excluding oncologic status and treatment for patients 2 and 3.

Table 1. Summarized data for the four patients operated on using the Capasquelet technique. IMN: Intramedullary nail, T1:
first stage, T2: second stage, RTA: road traffic accident, DOD: dead of disease, * Patient refused radiological follow up, with
only clinical follow up.

Patient No. 1 2 3 4

Epidemiology data
Gender Female Male Male Male
Age (years) 44 28 18 24
BMI (kg/m2) 24.5 22.3 20.5 24.9

Etiology Traumatic (RTA) Osteosarcoma Ewing Tumor Traumatic
(Ballistic)

Length Bone Loss (mm) 100 220 180 110 (Step-cut)
Follow up (months) 36 22 14 12
Surgical data
First-stage associated surgery Preparation Resection R0 Resection R0 Sepsis treatment
Spacer stabilization IMN IMN IMN Plate
Total operative time (T1; T2) (minutes) 716 (136; 580) 774 (295; 479) 656 (192; 464) 793 (235; 558)
Fibula graft length (mm) 150 280 220 160
Graft stabilization Plate Plate Plate Platex2
Delay T1 and T2 (weeks) 8 22 24 12
Postoperative data
Complications Hematoma No Material failure No
Delay surgical revision (weeks) 3 (after T2) 28 (after T2)
Type of surgery Hematoma evacuation Fixation revision
Time for consolidation (months) 4 7 DOD No X-ray *
ISOLS score at three months (%) 86.7 73.3 75.6
ISOLS score at six months (%) 95.6 95.6 68.9
Functional results
Full weight-bearing (weeks) 12 12 12 8
EQ5D 70 75 DOD 45

The average time between the two stages was 17 weeks (8–24). Bone union of both
interfaces (defined as bridging bone across three of the four cortices evaluated at each
junction in the biplane radiographs or CT scan fusion) was achieved at 5.5 months (4–7),
except for one irradiated area with a patient who died of their disease. Full weight-
bearing was possible at 11 weeks (8–12) in the cohort. Revision surgery was performed
for one patient at three weeks for evacuation of a hematoma. Another was performed
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for stabilization revision (Henderson type 3) on an irradiated area; this patient died of
his disease and could not achieve full bone healing due to the pronounced deterioration
in their general condition. The functional scores were satisfactory with an EQ5D of 63.3
(45–75) (Figure 4). Patient No. 4 did not obtain postoperative X-rays or CT scans due to the
fact of socio-financial difficulties but achieved full weight-bearing at 2 months, with no
revision surgery, and was evaluated clinically.

J. Pers. Med. 2021, 11, x FOR PEER REVIEW 7 of 11 
 

 

socio-financial difficulties but achieved full weight-bearing at 2 months, with no revision 
surgery, and was evaluated clinically. 

 
Figure 4. (A) Control X-rays for patient No. 1 at 3 months postoperatively; (B) control X-rays for 
patient No. 1 at 10 months postoperatively. 

4. Discussion 
The preliminary results of this innovative surgical technique are encouraging, with 

bone consolidation being achieved within a short time, thereby allowing early full weight-
bearing. 

We obtained a 5.5-month (4–7) radiological bone healing time for patients with radi-
ological follow up. This appears to be slightly better than with an isolated Capanna tech-
nique, which generally requires from six to twelve months for efficient consolidation to 
be obtained [4,28,29]. It also seems slightly better than an isolated Masquelet technique, 
which obtains full union in 4–18 months, usually on smaller tibia defects [30]. 

Full weight-bearing was achieved early (11 weeks (8–12)), with physiotherapy in-
volving progressive weight-bearing, which was allowed postoperatively, while keeping 
the patient’s pain in mind. We assumed that fibula fusion, seen on CT scans but not nec-
essarily on standard X-rays, may have facilitated this process. Bone healing was observed 
earlier on the first postoperative CT scan than on standard X-rays; CT scans performed 
earlier in the follow- up could have revealed better fusion times in our patients. 

The “Capasquelet” can be considered a method of choice for bone defects extending 
into the femur, particularly in complex cases requiring two-stage management; it might 
also be proposed in tibial resections. In the literature, the combination of several types of 
techniques appears to result in fewer complications, thus providing a cumulative ad-
vantage, and in tumor cases, it avoids long and harrowing one-stage surgeries [29,31–35]. 
Obtaining an osteoinductive membrane promotes bone consolidation and management 
of septic contexts. This osteoinductive membrane needs to be preserved for the second 

Figure 4. (A) Control X-rays for patient No. 1 at 3 months postoperatively; (B) control X-rays for
patient No. 1 at 10 months postoperatively.

4. Discussion

The preliminary results of this innovative surgical technique are encouraging, with
bone consolidation being achieved within a short time, thereby allowing early full weight-
bearing.

We obtained a 5.5-month (4–7) radiological bone healing time for patients with ra-
diological follow up. This appears to be slightly better than with an isolated Capanna
technique, which generally requires from six to twelve months for efficient consolidation
to be obtained [4,28,29]. It also seems slightly better than an isolated Masquelet technique,
which obtains full union in 4–18 months, usually on smaller tibia defects [30].

Full weight-bearing was achieved early (11 weeks (8–12)), with physiotherapy involv-
ing progressive weight-bearing, which was allowed postoperatively, while keeping the
patient’s pain in mind. We assumed that fibula fusion, seen on CT scans but not necessarily
on standard X-rays, may have facilitated this process. Bone healing was observed earlier
on the first postoperative CT scan than on standard X-rays; CT scans performed earlier in
the follow- up could have revealed better fusion times in our patients.

The “Capasquelet” can be considered a method of choice for bone defects extending
into the femur, particularly in complex cases requiring two-stage management; it might
also be proposed in tibial resections. In the literature, the combination of several types
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of techniques appears to result in fewer complications, thus providing a cumulative ad-
vantage, and in tumor cases, it avoids long and harrowing one-stage surgeries [29,31–35].
Obtaining an osteoinductive membrane promotes bone consolidation and management of
septic contexts. This osteoinductive membrane needs to be preserved for the second stage,
and it should only be incised and not excised [36]. The placement of an allograft and a vas-
cularized fibula in this induced membrane after cement removal is straightforward, with
an easy workspace preserving reconstruction placement. It may allow primary (allograft
compression) and secondary mechanical stability (fibula fusion) (Figure 5).

In the context of tumor resection in the case of Ewing’s sarcoma (with residual viable
cells or inadequate margins), it made adjuvant radiotherapy a theoretical possibility with-
out the risk of radiation-mediated destruction of the graft. Indeed, irradiation’s pejorative
effect on bone is well described, as it causes deterioration by interfering with the trabecular
architecture through increased osteoclast activity and decreased osteoblast activity [37].
With our, we might prevent the hybrid graft from these adverse events. However, the
recipient bone was still subjected to irradiation, and we noted that the proximal interface
did not consolidate with patient No. 3. This might be linked to irradiated recipient’s bone
status, as well as due to the adverse oncological progression associated with chemotherapy
and deterioration of the health status in this case.

Nonetheless, the “Capasquelet” technique also allows progressive correction of the
limb length discrepancy in the first and second stages, as in the case of patient No. 2 who
had a pathological fracture with recovery of 2 cm of leg discrepancy in the first stage and
2 cm in the second stage, resulting in a total correction of 4 cm. We noted two sequences
of bone stability, the first obtained thanks to the allograft stabilized with a 4.5 mm LCP
lateral plate, which allowed for early initiation of rehabilitation sessions and progressive
weight-bearing; in the second, the vascularized fibula was able to osseointegrate as could
be seen on the CT scan.
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Figure 5. Patient No. 1 CT scan control at 14 months postoperatively: (A) CT scan 3D reconstruction
of the healed allograft; (B) sagittal plane view with axial view level representation: (C–F) (C) axial
view of the proximal host femur with the healed fibula graft, (D,E) axial views of the healed fibula
graft in the allograft, (F) axial view of the distal host femur with the healed fibula graft.
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Nonetheless, with our limited follow up (as this is a new technique), these results
need to be viewed with a degree of caution. Moreover, the small size of our cohort, which
was mainly the result of the rarity of the indication for a two-stage reconstruction in large
femoral bone defects, also needs to be taken into account. These preliminary results are of
interest as, in our practice, this combination makes progressive weight-bearing possible,
with full weight-bearing occurring at 3 months in complex situations, which also allows for
early re-education. However, it is essential to note that this two-stage technique results in
morbidity associated with the fibular harvest [38], and it requires microsurgical skills and
access to a femoral allograft bank facility. The operating times involved in the two stages
must also be taken into account.

5. Conclusions

The mean time to union in the biological reconstruction of extended bone defects
varies and depends on the technique used, ranging from four to over twelve months, and
full weight-bearing rarely occurs before four to six months [12,39–42]. With our method,
the osteoinductive role played by the induced membrane can exert a positive impact on the
bone healing of the graft, with fast allograft and fibula union, early weight-bearing, and a
satisfactory functional score. This technique appears to be suitable for restoration of bone
length in pathological fractures but also for preserving a hybrid graft from radiation therapy
or in complex trauma cases, which are most often septic. Mid- and long-term follow up
needs to be evaluated on a larger cohort with a focus on fibula behavior, allograft resorption,
and functional results. Nonetheless, to our knowledge, the “Capasquelet” technique that
we report here is the first to assess the combination of two main techniques for massive
bone defect management, namely, the Capanna and the Masquelet techniques [11,12].
Therefore, despite its complexity, in light of the promising preliminary results with bone
healing, the “Capasquelet” hybrid technique may represent a new tool for surgeons to treat
critical bone defects after tumor resection or trauma in a septic context.
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Abstract: (1) Background: This cross-sectional study aims to compare a new and non-invasive
approach using hyperspectral imaging (HSI) with the conventional modified Allen’s test (MAT)
for the assessment of collateral perfusion prior to radial forearm free flap harvest in healthy adults.
(2) HSI of the right hand of 114 patients was recorded. Here, three recordings were carried out:
(I) basic status (perfusion), (II) after occlusion of ulnar and radial artery (occlusion) and (III) after
releasing the ulnar artery (reperfusion). At all recordings, tissue oxygenation/superficial perfusion
(StO2 (0–100%); 0–1 mm depth), tissue hemoglobin index (THI (0–100)) and near infrared perfusion
index/deep perfusion (NIR (0–100); 0–4 mm depth) were assessed. A modified Allen’s test (control)
was conducted and compared with the HSI-results. (3) Results: Statistically significant differences
between perfusion (I) and artery occlusion (II) and between artery occlusion (II) and reperfusion (III)
could be observed within the population with a non-pathological MAT (each <0.001). Significant
correlations were observed for the difference between perfusion and reperfusion in THI and the
height of the MAT (p < 0.05). Within the population with a MAT >8 s, an impairment in reperfusion
was shown (each p < 0.05) and the difference between perfusion and reperfusion exhibited a strong
correlation to the height of the MAT (each p < 0.01). (4) Conclusions: The results indicate a reliable
differentiation between perfusion and occlusion by HSI. Therefore, HSI could be a useful tool for
verification of the correct performance of the MAT as well as to confirm the final diagnosis, as it
provides an objective, reproducible method whose results strongly correlate with those obtained by
MAT. What is more, it can be easily applied by non-medical personnel.

Keywords: hyperspectral imaging; Allen’s test; radial forearm free flap; microvascular surgery;
microsurgery; reconstructive surgery; perfusion monitoring; flap imaging

1. Introduction

The “Chinese flap”, the fascio-cutaneous radial forearm free flap (RFFF) was first
described in 1981 by Yang et al. [1,2]. It is used for diverse reconstruction purposes with
a survival rate of 97% [3,4]; the popularity of its use has increased due to its pliability
and thinness, the ease of flap raising using a two-team approach, a consistent anatomy,
and the long and high-caliber vascular pedicle [1–3]. As the flap is vascularized by a
segment of the radial artery that needs to be removed during the surgery, it is essential to
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ensure an adequate perfusion of the whole hand by the ulnar artery alone. Though, radial
artery occlusion is a common complication with frequencies ranging from 1–33% [5]. Here,
the Allen’s test, a simple bedside test is traditionally used as a preoperative assessment
ahead of RFFF harvest. Its validity depends on the degree of arterial compression applied
by the examiner, as well as the subjective evaluation of the reperfusion and a potential
error by the hyperextension of the hand [3,6]. Furthermore, there are technical differences
in the test procedure as well as the cut-off point for reperfusion (the shorter the cut-off
time, the more sensitive and less specific Allen’s test is [7]). In addition, Allen’s test
requires the cooperation of the patient for its correct performance and does not give
information about the vascular anatomy [8]. As acute ischemia of the hand after flap
raising has been reported, even after satisfactory Allen’s test results, further measurement
methods have been evaluated to minimize the risk of such ischemic complications [3,4,6].
Here, arteriography is a very precise but also highly invasive method for assessing the
vascular anatomy and perfusion of the donor hand. Color flow duplex scanning and
doppler ultrasound are noninvasive options that require experience and rely on a subjective
interpretation [3]. Besides, transcutaneous pulse oximetry has been shown to correlate
with arterial doppler waveforms and therefore provides an objective means of monitoring
of potential ischemic complications [9].

Hyperspectral imaging (HSI) is an imaging modality for medical applications and
has been tested for the determination of perfusion parameters for diabetic foot and skin
ulcer [10–13], tissue perfusion measurement and wound analysis [14,15] as well as flap
monitoring [16]. TIVITA™ (Diaspective Vision, Pepelow, Germany) is a new, contact-free
HSI system for the assessment of tissue oxygenation and perfusion. It is an internal pushb-
room imaging spectrograph (CMOS camera) and acquires a three-dimensional HyperCube
with spatial (x, y; resolution 0.1 mm/pixel at 50 cm distance) and spectral (λ; resolution
5 nm) dimensions [17]. Every point in a row (x-axis) is analyzed in parallel; the row is
moved along the y-axis and the spectral dimension (λ) is generated [18,19]. The system
detects hemoglobin and its derivates oxyhemoglobin, deoxyhemoglobin and water [20].
Optical remission spectroscopy in the visible and near infrared range (400–1000 nm) allows
contact-free acquisition of information about tissue properties, such as tissue oxygena-
tion/superficial perfusion (StO2 (0–100%); 0–1 mm depth), tissue hemoglobin index (THI
(0–100)), near infrared perfusion index/deep perfusion (NIR (0–100); 0–4 mm depth) and
tissue water index (TWI (0–100)) without influencing the tissue (Figure 1).
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Figure 1. Wavelengths of different types of light. The hyperspectral camera processes visual light with a wavelength from
380 to 740 nm and light in the near infrared range from 750 to 1000 nm.

StO2 reflects the percentage of hemoglobin oxygen saturation in the capillary area of
the tissue microcirculation and shows changes in tissue oxygenation. Thus, StO2 represents
the tissue oxygen saturation, which is mainly due to the blood volume in the venous
part (75%) of the microcirculation after the oxygen has been released to the surrounding
tissue. The parameter NIR perfusion (near infrared) describes the quality of the blood
flow, which is determined by the relative oxygen saturation of the hemoglobin and the
relative hemoglobin content in the microcirculatory system in deeper tissue layers of 4
to 6 mm. This parameter can be used to identify undersupplied tissue areas in deeper
layers. The color scale ranges from red (high perfusion) to blue (low perfusion). THI
describes the existing hemoglobin distribution in the superficial microcirculatory system.
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By this means, index parameter problems with the arterial supply or the venous drainage
can be recognized. The color scale ranges from red (high hemoglobin content) to blue
(low hemoglobin content). As an index value, TWI describes the relative water content
in the tissue area under consideration [21]. The tissue is irradiated with white light and
the remitted light is detected; scattering and absorption by tissue structures depends on
the wavelength [13,19] and light penetration depth is approximately 0.8 mm (500 nm) to
2.6 mm (1000 nm). The method has previously been described by Klucke et al. [17].

In the need of an objective, reliable and investigator-independent method to evaluate
the vascular perfusion of the donor hand, this cross-sectional study aims to compare a new
and non-invasive approach using HSI with the conventional Allen’s test for the assessment
of collateral perfusion prior to RFFF harvest in healthy adults. The findings obtained in
this study will be used to set limits for the evaluation of hyperspectral data, in order to
facilitate interpretation and perioperative assessment.

2. Materials and Methods
2.1. Patients

The patients included within this study were picked randomly and independently of
their medical history as part of the preoperative assessment ahead of surgery. All patients
had a modified Allen’s test and a TIVITA™ (Diaspective Vision, Pepelow, Germany) scan as
part of the assessment. The study was approved by the local ethic committee of Rhineland-
Palatinate (registration number: 2020-15022_1) and was conducted in accordance with the
protocol and in compliance with moral, ethical and scientific principles governing clinical
research as set out in the Declaration of Helsinki of 1975 as revised in 1983.

2.2. Methods

All tests were performed by the same surgeon to avoid interobserver variability.

2.2.1. Allen’s Test

Modified Allen’s test (MAT) was carried out as previously described by Habib et al.
and Abdullakutty et al. (the patient makes a fist for 30 s, while pressure is applied on the
ulnar and radial artery to occlude them. The patient opens the fist, and the ulnar artery is
selectively released) [7,22]. An 8 s cut-off point was used to discriminate between positive
test and results without pathological findings [7,23,24]. A longer period to arterial refill
indicated a vascular anomaly potentially resulting in ischemia after radial artery harvest.

A time period of 9 s and above until reperfusion was evaluated as positive and
therefore pathological; tests with reperfusion times of 0–8 s were considered negative and
therefore non-pathological.

2.2.2. HSI Imaging

The TIVITA™ Tissue System (Diaspective Vision, Pepelow, Germany) is an HSI sys-
tem consisting of a hyperspectral camera, a lens, an illumination unit, a medical cart, a
box-computer and the integrated TIVITA™ Suite basic software. The light source is ar-
ranged around the camera lens and consists of six halogen spots (20 W each). The standard
measurement distance is 50 cm, represented by two indicator light points in an overlapped
position. The patient was asked to place the hand flat on a table with the palm up. The cen-
tral point for all measurements was the middle of the palm. After HSI images are recorded
over 10 s, additional 8 s are needed to compute a RGD (red, green and blue) true colour
image and additional four pseudo-colour images, representing the physiologic parameters.
The camera-specific software package (TIVITA™ Suite) was used to quantify the generated
information [20]. Three circular shaped regions of interest (ROI) that contain the mean
value of the spectral and spatial information per pixel were manually positioned. The ROI
were: in the middle of the palm (40 pixel), the proximal phalanx of the thump (15 pixel) and
the proximal phalanx of the index finger (15 pixel). The software automatically calculated
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the average values for each perfusion parameter (StO2, THI, NPI and TWI). Afterwards, a
mean of the three measurements was calculated (Figure 2).
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Figure 2. (A) Course of the experiment. First, a baseline measurement was taken (time point I, both arteries open), then
both, the radial and the ulnar artery were occluded (time point II) and at time point III, the ulnar artery was released.
Hyperspectral images were taken at all three time points throughout the course of the experiment as part of the hyperspectral
accompanied MAT. In (B) the baseline measurement is displayed showing the NIR perfusion index, oxygenation and tissue
hemoglobin index. Three circular shaped regions of interest (ROI) were manually positioned. (C) After occlusion of the
ulnar and radial artery, the hand obviously turns pale. The values for NIR perfusion index decrease from 57 to 49 in the
middle of the palm indicated by a less red and more green color of the hand. The same applies for the tissue oxygenation
showing many red spots before occlusion and a green and blue color after occlusion of the vessels (StO2 decrease from 63%
to 37%). Changes in THI are most obvious indicated by a color change from green to dark blue (THI decrease from 38 to 5).
(D) shows the measurements after release of the ulnar artery in a healthy participant. The return to perfusion is indicated by
the red and green colors in all pictures. After reperfusion, there is a slight hyperemia of the hand, which is evidenced by the
increase in the measured values (NIR1: 57 and NIR3:61; StO21: 63% and StO23: 68%; THI1: 38 and THI3:50).

The measurement was performed in a dark room with constant temperature. (I) First, a
basis recording was conducted in order to show the individual hands’ perfusion (perfusion).
(II) Then, MAT was carried out by occluding both the radial and the ulnar artery (occlusion).
This was followed by a HSI measurement. (III) To verify the hand perfusion by the ulnar
artery only, the radial artery stayed occluded while releasing the ulnar artery (reperfusion).
Here, HSI-image acquisition for reperfusion started 1 s after release of the ulnar artery.
For each time point the mean values of the following parameters were recorded: (StO2
(0–100%)), tissue hemoglobin index (THI (0–100)), near infrared perfusion index/deep
perfusion (NIR (0–100)) and tissue water index (TWI (0–100)).

2.3. Statistics

In their review concerning the reliability and validity of the modified Allen’s test,
Romeu-Bordas and Ballesteros-Pena listed a total of 9 studies that were included in the
review. While the number of analyzed patients ranged from 42 to 150 (mean 81.88), the
number of analyzed hands was on average 104.
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Case number calculation (according to [25]):

n = K ∗
[
(R + 1) − p2 ∗

(
R2 + 1

)]
[

p2 + (1− R)2
] (1)

The calculation is based on the study by Grambow et al. [26] and the measured
differences in tissue oxygen content, which were found to be significantly different.

n = 7.85 ∗
[
(0.757 + 1) − 0.7 ∗

(
0.7572 + 1

)]
[
0.7 + (1− 0.757)2

] = 124.578 (2)

Considering the previous studies and the sample size calculation, the numbers of
cases were averaged, resulting in a total necessary volume of 114 patients.

In order to test the assumption that the measured values follow a normal distribution,
a Kolmogorov–Smirnov and a Shapiro–Wilk test were previously performed. Correlation
analyses were performed using Pearson and Spearman test. Furthermore, Wilcoxon tests
were used in order to assess whether the population mean ranks differ between related
samples (non-parametric statistical hypothesis test). To measure the strength of the rela-
tionship between two variables in the statistical population, the effect size was calculated
according to the following formula:

r =
∣∣∣∣

Z√
n

∣∣∣∣ (3)

The following definitions were used:

0.1 ≤ r < 0.3 ∼ weak effect

0.3 ≤ r < 0.5 ∼ medium effect

r ≥ 0.5 ∼ strong effect

Values are displayed as mean and standard deviation; where appropriate confidency
intervals are given. Moreover, in addition to the measured values, a fictive value was
calculated to reflect the return-to-normal perfusion. This was done as follwos:

RTP = 100−
(

TP3
TP1

∗ 100
)

(4)

with RTP and TP denoting return to perfusion time point, respectively. Statistical anal-
yses were performed using SPSS version 24 for Windows (IBM, Armonk, NY, USA); A
p-value ≤ 0.05 was termed significant.

3. Results

A total of 114 patients were included within this study, all of whom had a modified
Allen’s test and an HSI-scan as part of the assessment. The results were categorized into
two groups according to the results of the MAT. Non-pathological results were those with
a time to reperfusion of less than 9 s; if it took 9 or more seconds, the MAT was considered
pathological.

3.1. Population with a Non-Pathological Modified Allen’s Test
Allen’s Test

Here, 100 patients were included. Mean time to arterial refill was 4.12 s (SD = 1.903 s;
95% CI:3.74–4.50 s). The values were not normally distributed (Figure 3).
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Figure 3. Boxplot diagram of the values obtained from the population with a non-pathological
modified Allen’s test.

3.2. Hyperspectral Imaging
3.2.1. Tissue Oxygenation (StO2)

The Shapiro–Wilk test was not able to reject the hypothesis that measured values
at every time point were normally distributed. At time point I, mean StO2 was 51.34%
(SD = 7.972%; 95% CI:49.76–52.92%). After vessel occlusion (II), mean StO2 decreased to
40.56% (SD = 6.929%; 95% CI: 39.19–41.93%) and after releasing the ulnar artery (III), StO2-
values increased again up to 50.42% (SD = 8.117%; 95% CI: 38.81–52.03%) (Figures 4 and 5).
Pearson and Spearman test showed a statistically significant correlation between the
different time points (each p < 0.001). Whereas mean ranks differed significantly between
related samples time points I and II as well as between II and III (each p < 0.001), the values
between time point I and III did not differ significantly (p = 0.06). This indicates a strong
effect within the compared groups that showed significantly different mean ranks (r each
>0.5) and a weak effect for group comparison I and III (r = 0.133).
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3.2.2. Near Infrared Perfusion Index (NIR)

Once again, a Shapiro–Wilk test did not significantly contradict that measurements
during occlusion and reperfusion were normally distributed (p > 0.1). The values measured
at time point I (both arteries open), however, do not seem to follow a normal distribution
(p = 0.031). At time point I, mean NIR was 55.11 (SD = 7.236; 95% CI: 53.67–56.55). After
occlusion of both vessels, the perfusion decreased (Mean = 48.14 ± 5.946; 95% CI: 46.96–
49.32) and increased up to 53.88 (SD = 7.876; 95% CI: 52.32–55.44) after release of the ulnar
artery (Figures 4 and 5). Both, Pearson and Spearman correlation test showed statistically
significant correlations between the different time points (each p < 0.001). Using Wilcoxon
test, a significant difference between the distribution at the different time points could
be demonstrated. Whereas for time points I and II as well as for II and III a strong effect
(r > 0.5) was shown, between group I and III merely a weak effect was observed (r = 0.241).

3.2.3. Tissue Hemoglobin Index (THI)

Whereas a Shapiro–Wilk test could not reject that the measured values of both, perfu-
sion and reperfusion were normally distributed (p > 0.05), the values obtained during occlu-
sion do not seem to follow a normal distribution (p = 0.005). Mean THI was 35.39 ± 7.661
(95% CI: 33.87–36.91) while arterial blood flow was present, whereas THI decreased to
20.52 ± 8.973 (95% CI:18.74–22.20) after occlusion of the arteries. After release of the ulnar
artery, mean THI increased up to 38.52 ± 9.517 (95% CI: 36.63–40.41) (Figures 4 and 5).
Spearman and Pearson test showed statistically a significant correlation between all time
points (p < 0.001). A significant difference between the mean ranks of the different time
points could be shown by the Wilcoxon test. For time points I and II as well as for II and III
a strong effect (r > 0.6) and between I and III a moderately strong effect could be shown.

3.2.4. Tissue Water Index (TWI)

Whereas the Shapiro–Wilk test indicated that for both, time points II (both arteries
occluded) and III (only radial artery occluded), the normality assumption could not be re-
jected, this was not the case for the baseline measurement. Mean TWI was 41.28 (SD = 3.690;
95% CI: 40.55–42.01) at rest and increased to 45.68 ± 3.959 (95% CI: 44.89–46.47) when
occluding both vessels. After release of the ulnar artery, TWI decreased to 42.01 (SD = 4.162;
95% CI: 41.18–42.84) (Figures 4 and 5). Both Spearman and Pearson correlation test showed
statistically significant correlations between all time points (p < 0.001). Analyzing the
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difference in mean ranks, there were statistically significant differences between all groups
corresponding to strong effects within the compared groups I and II as well as for II and III
(r each > 0.5) and a weak effect for group comparison I with III (r = 0.231).

3.2.5. Return-to-Perfusion Measurement

The return-to-perfusion (RTP) value indicates the difference in percent between the
measurements at time point III and time point I. Shapiro–Wilk and Kolmogorov–Smirnov
could not reject a normal distribution for StO2-RTP values. The mean difference for StO2
was 1.46% (SD = 8.84%; 95% CI: −0.29–3.21%), for NIR 2.27% (SD = 5.74; 95% CI: 1.13–
3.41%), for THI −10.21% (SD = 21.79%; 95% CI: −14.53– -5.88%) and for TWI −1.82%
(SD = 5.63%; 95% CI: −2.93– -0.7%) (Figure 5). Correlation analysis between the MAT
and RTP-measurements by Pearson and Spearman test showed no significant correlation
between the MAT and RTP-values for StO2 and NIR, whereas there was a statistically
significant correlation between the MAT and THI values (p < 0.05) in the Spearmen test.
On the other hand correlation analysis did not show a correlation between MAT and TWI.

3.3. Cases with Impaired Perfusion
3.3.1. Allen’s Test

A total of 14 patients had a MAT with a time to reperfusion of longer than 8 s. In three
cases, time to reperfusion was 9 s, in four cases 10 s, in two cases 11 s, in one case 14 s and
in four cases, there was no reperfusion detectable after more than 20 s, which is why the
test was terminated in such cases (termed as AT max.).

3.3.2. Tissue Oxygenation (StO2)

A normal distribution of all time points analyzed within this study was detected. A
statistically significant correlation between the different time points could be observed
(each p < 0.05). Mean ranks differed significantly between the related samples time points I
and II (p < 0.001) as well as between I and III (p = 0.048), whereas the values between time
point II and III did not differ significantly (p = 0.076). This corresponded to a strong effect
within the compared groups I and II (r = 0.6) and a moderately strong effect for group
comparison I and III and II and III (r > 0.3).

3.3.3. Near Infrared Perfusion Index (NIR)

A normal distribution for the measured values of all time points was seen. A statisti-
cally significant correlation between the different time points could be shown by Pearson
and Spearman test with p < 0.01. There were significant differences in mean ranks between
the related samples time points I and II as well as I and III (p = 0.002), whereas the values
between time point II and III did not differ significantly (p = 0.213). This corresponded to a
strong effect between the compred groups that showed significantly different mean ranks
(r each > 0.5), whereas for group II and III only a weak effect could be shown (r = 0.235).

3.3.4. Tissue Hemoglobin Index (THI)

The hypothesis of a normal distribution could not be rejected for time points I and
III. Correlation analysis by Pearson and Spearman test could demonstrate a statistically
significant correlation between the different time points with p < 0.001. Interestingly,
statistically significant differences between mean ranks of time points I and II as well as II
and III were shown, whereas time points I and III did not show such significant differences
(p = 0.133). This corresponded to a strong effect between the compared groups that showed
significantly different mean ranks (r each > 0.5), whereas for group I and III, a weak effect
could be shown only (r = 0.284).

3.3.5. Tissue Water Index (TWI)

For time points II and III, normally distributed values were observed. Both, Spearman
and Pearson correlation test were able to show a statistically significant correlation between
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all time points. Mean ranks differed significantly between all groups, corresponding to
a strong effect between time point I and II (r = 0.626) and a moderate effect between the
other time points with r > 0.4.

3.3.6. Return-to-Perfusion Measurement

Shapiro–Wilk and Kolmogorov–Smirnov tests could not reject the hypothesis of nor-
mal distribution for StO2, NIR, THI and TWI. There was a statistically significant correlation
between the RTP-value and the MAT-measurements for StO2 (p < 0.001), THI (p = 0.004)
and TWI (p = 0.011), whereas no significant correlation could be shown for NIR-index
(p = 0.179) (Figure 6).
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Figure 6. Boxplot diagram of the Return-to-Perfusion (RTP) measurements. The red box highlights the area between the
1st and 3rd quartile. The stars indicate the different subjects’ measurements that had a MAT >8 s. As can be observed,
some values lie between the 1st and the 3rd quartile, whereas others are located within the 4 inter quartiles range (IQR).
Others lie due to their extreme values beyond these areas and are therefore considered outliers. With few exceptions, the
measurements defined as outliers belong to the same patients. As can be seen, RTP-values for StO2, THI and TWI of patients
with a clear pathological MAT typically lie beyond the 4 IQR (Nr. 30, 35, 60, 108). Others, with a MAT of 9–15 s–depending
on the definition–rated as pathologic or non-pathologic, typically fall within the 4 IQR. The allocation of the values on the
X-axis has no meaning.

3.4. Patient Case

A 63-year-old patient presented with an oral mucosal lesion of the right floor of the
mouth that had been present for a year. Clinically, there was an ulcerating lesion of about
2 cm. During staging, no further suspicions lesions could be detected; radiologically,
neither lymphatic, nor osseus metastases were found. The interdisciplinary head and neck
tumor board recommended resection of the tumor and bilateral neck dissection. To cover
the defect, we planned to harvest a RFFF. However, the MAT showed a very poor perfusion
of the right arm with a reperfusion time of over 20 s; the results could be confirmed by
HSI. When the MAT was performed of the left arm, a time to reperfusion of 11 s was
measured. However, the HSI measurement showed adequate perfusion with a satisfactory
RTP-value for StO2, NIR, THI, and TWI (Figure 7). Considering the measurable reperfusion,
the decision was made to harvest a RFFF from the left arm. With constant monitoring of
the oxygen saturation by means of pulse oximetry, the RFFF could be harvested without
complications. In the postoperative follow-up, the graft was adequately perfused and
healed well (Figure 8).
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time point II and 55.67 at time point III (see B). The image shows very impressively the trend of the hemoglobin index
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release of the ulnar artery showing a save perfusion of the hand by the ulnar artery alone.
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Figure 8. A TIVITA scan immediately after transplantation of the RFFF into the floor of the mouth is shown on the left. The
circular mark (white dotted line) indicates the graft inside the patient’s mouth. The measurement shows a (typical) initially
very high oxygenation of the graft with correspondingly high NIR values and adequately low THI values. In the course
of time, up to postoperative day 3 shown on the right, a reduction of the StO2 and NIR values and a homogenization of
the measured values over the area of the graft are visible. Based on previous studies [21], it could be determined that this
process is typical for the proper healing and perfusion of the graft.

4. Discussion

The radial artery is located in the lateral intermuscular septum between the brachiora-
dialis and flexor carpi radialis muscles [1]. Entering the hand, the radial artery gives rise to
the princeps pollicis artery and radial indices artery. The deep palmar arch is formed by
the dorsal radial artery and the deep branch of the ulnar artery. Four palmar metacarpal
arteries arise from the deep palmar arch and converge with the common palmar digital
arteries. The superficial palmar arch is formed by the ulnar artery and the superficial
branch of the radial artery with four common palmar digital arteries arising from the arch.
The common digital arteries then divide into two proper palmar digital arteries [22,27,28]
(Figure 9).
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Figure 9. Palmar arch of the right hand. Entering the hand, the radial artery gives rise to the princeps
pollicis artery and radial indices artery. The deep palmar arch is formed by the dorsal radial artery
and the deep branch of the ulnar artery. The superficial palmar arch is formed by the ulnar artery
and the superficial branch of the radial artery.

The vascular abnormality leading to impaired perfusion after raising the RFFF is a
combined condition of an incomplete ulnar arterial supply to the hand and a missing
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communication between deep and superficial palmar arch. Coleman and Anson reported
12% of specimens to show a combination of the two abnormalities [29]. Strauch et al.
reported the superficial arch and the deep arch to be incomplete in 21% and in 3% of cases,
respectively. Other studies found the collateral circulation to be absent in 2% up to 20% of
cases [28]. Complete superficial arches occur in 84% up to 90% of cases [4,27,30–32].

In this regard, a higher incidence of pathological results in Allen’s test could be
expected. In a large study with 1000 patients undergoing cardiac catheterization, 49% had
a normal Allen’s test (cut-off time <5 s). The authors classified 24% as borderline (5–9 s)
and 27% as abnormal (>10 s) [22]. In 1990, Hosokawa et al. showed 5.8% of 1470 patients
examined within the hospital to have an abnormal Allen’s test (time until recover of color
5 s). Unilateral abnormality was observed in 4.4%, bilateral abnormality in 1.4% of cases [2].
The incidence of an abnormal test increased with age (incidence of abnormality >80 years
6.9%). Since the average age of developing oral cancer is 62 years [33], a more accurate
and safer test method is needed to ensure adequate blood supply by the ulnar artery when
harvesting RFFF.

Nuckols et al. reported a sensitivity of 65% and a specificity of 76% (positive predictive
value (PPV) = 93%, negative predictive value (NPV) = 35%) for Allen’s test with a cut-off
time of 5 s [28]. This corresponds to the results of Husum et al. who indicated a NPV of
0.992, which yields a false-positive rate of to a 0.8% (1/100 hands with normal Allen’s test
and an inadequate collateral circulation) [28]. According to this study, a normal test result
would incorrectly indicate inadequacy in about 50% of cases [28]. A systematic review
by Romeu-Bordas et al. evaluated the reliability and validity of Allen’s test in patients
prior to radial artery puncture. They concluded Allen’s test to show inadequate diagnostic
validity for screening deficits in the collateral circulation. Because of this, Allen’s test is
termed to be no adequate predictor of hand ischemia: “Therefore, Allen’s test should not
be systematized prior to performing an arterial puncture as an isolated screening test for
collateral arterial circulation deficits of the hand and should not be considered an absolute
contraindication for performing a transradial puncture presenting an abnormal result in
the Allen’s test” [8]. False-negative Allen’s test could result in hand ischemia and necrosis,
whereas false-positive test results cause a change of primary treatment plan, possibly
resulting in a suboptimal therapy situation [4]. Initially, ischemic hand complications (IHC)
appear in the form of pallor and progressive darkening of the skin. Chronic complications
include pain, cold intolerance, ulceration, tissue necrosis and gangrene of the digits [4].

Therefore, a secure method for vascular assessment is needed. In daily routine,
some supplemental properties are necessary to make the test feasible: the test should be
noninvasive, fast as well as easy to perform and the evaluation needs to be objective and
reproducible. Furthermore, the method needs to have a good predictive ability with a
high sensitivity, specificity and accuracy. In this study, HSI was shown to detect perfusion
deficits during MAT. HSI provides both, topographical and spectral information in an
objective, reproductive and measurable manner. Combinations of values allows drawing
conclusions about tissue perfusion. High THI and low StO2 indicates venous congestion,
whereas low THI and low StO2 points to an arterial occlusion. A high NIR and a low StO2
indicated that deep tissue perfusion is given whereas superficial layers are undersupplied,
whereas the contrary case points to a critical situation as superficial supply can clinically
hide saturation problems in deeper tissue layers [21]. Moreover, if the reliability of Allen’s
test as a screening tool is shown by a high number of successful and complication-free radial
forearm free flap transfers, the remaining percentage of hand ischemia in the presence of
non-pathological test results suggests the need for a more secure measurement method to
increase patients’ safety.

The results of this study indicate that in patients with a non-pathological MAT (blood-
refill time of less than nine seconds) all parameters collected during hyperspectral imaging
significantly differ between both, the baseline measurement and the measurements taken
during complete artery occlusion as well as between the measurement after release of
the ulnar artery and during artery occlusion. Furthermore, THI-RTP values correlated

266



J. Pers. Med. 2021, 11, 531

with the MAT results. Hence, it can be concluded that the calculated ratio between the
HSI-measurements at the beginning and the end of the test (RTP value) representing the
ability to full reperfusion by only the ulnar artery reflects the time to reperfusion measured
during MAT.

On the one hand, this indicates a reliable differentiation between perfusion and
occlusion–as already shown by Grambow et al. in a rat in vivo model [26]–as well as
the confirmation of non-pathological MAT. Therefore, the use of hyperspectral imaging
for additional diagnostics in combination with MAT would be a useful tool to verify the
correct performance of the test (differentiation of occlusion and perfusion) as well as to
confirm the final diagnosis of a non-pathological MAT. With the aid of the RTP-value, a
correlation between hyperspectral imaging and MAT could further be supported. We could
not only show a safe differentiation between perfusion and occlusion status during a non-
pathological MAT, but the system can also detect a pathological reperfusion based on the
different parameters. This can be observed by the no longer significant differences between
time points I and II as well as between II and III, but–due to the impaired reperfusion
at time point III–significant differences between perfusion (time point I) and occlusion
(time point II) as well as between perfusion (time point I) and reperfusion (time point III).
Interestingly, we could show a statistically significant correlation between the RTP-value
and the MAT results. This is in accordance with the observed outliers when comparing the
hyperspectral data of patients with a non-pathological MAT and those with a pathological
MAT. Here, it is clearly shown that the hyperspectral measurement values that are far
beyond the norm correlate well with certainly pathological MAT values (AT max.).

Due to the overall group size and especially the rather small number of pathological
MAT readings in our study, it was not possible to define safe cut-off values, rendering
the fitting of neural-networks impossible. Nonetheless, the trends observed in this study
indicate a potential use of hyperspectral imaging for reperfusion analysis thus offering an
alternative or supplementary method to the gold standard.

Based on current data, an advantage of HSI over clinical assessment alone has already
been observed for perfusion monitoring of microvascular anastomosed grafts, particularly
by inexperienced personnel. Compared to visual assessment of the hand reperfusion
during MAT, HSI offers some clear advantages as it provides an objective, reproducible
method also feasible for non-medical personnel that has no interobserver error and–in
contrast to the MAT–gives a visual and measurable feedback in case of insufficient artery
occlusion or potential test error due to palmar hyperextension.

HSI is used both clinically and experimentally for numerous indications: In anesthesia
and ICU, the technique is already used in critically ill patients to monitor micro- and
macro-circulatory changes, tissue perfusion and oedema formation to reduce the negative
effects of hemodynamic incoherence. Prior to HSI, skin mottling and capillary refill time
were used to assess hemodynamic parameter, but, as in MAT, the inter-observer variability
demonstrated contradictory findings and a variety of cut-off values were suggested [34].
In vascular surgery, HSI is used to provide objective decision criteria for determining
the extent of amputation and to make predictions about the chance of healing of the
amputation wound [35]. What is more, HSI has been frequently used in monitoring
perfusion in microvascular anastomoses, both in experimental setups and in the clinical
practice. Here, a clear advantage over the visual assessment of the grafts could be shown
in numerous studies [21,26,36]. Similar results could also be shown in transplant medicine.
Here Sucher et al. proved that by means of HSI it is possible to objectively assess whether
an organ (the kidney) is suitable for transplantation even before the surgery. In addition, it
is possible to check immediately after the transplantation whether the blood vessels have
been sutured correctly and the organ is sufficiently supplied with blood. Until now, this was
also decided by visual assessment, so the new HSI technique offers a clear advantage [37].
In visceral surgery, HSI is used for blood flow analysis, for example, to determine the
extent of resection in the case of mesenteric ischemia, but also to assess anastomoses, as
well as tubular gastric blood flow in esophageal resections [38,39]. At the current time,
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numerous other applications of the hyperspectral camera have already been developed. In
addition to special products for the analysis of wounds and soft tissue, camera systems
for the operating room and an endoscopic version have also been developed. For the
resection of brain tumors, MRI scans are taken preoperatively in order to locate the tumor
and subsequently plan the surgical intervention. Intraoperatively, there is currently a lack
of tools to locate the tumor with certainty. Data to date indicate that it will most likely be
possible to identify the tumor and resect it safely using this method [40]. This large number
of potential application areas and the already established use in everyday clinical life
point to a great benefit of hyperspectral technology in the future. In particular, subjective
assessment criteria can be replaced by means of this technique and thus the therapy of
patients can be improved.

As the ambient light conditions affect the parameter values, cautious interpretation
is demanded. To the authors knowledge, this is the first study assessing the feasibility
of HSI to collateral circulation prior to RFFF harvest. Regarding the number of cases
within this study, the present results need to be classified as of descriptive nature. Further
clinical studies must be conducted in order to set cut-off values indicating a save arterial
refill during HSI assisted MAT. In general, perfusion markers should return to the level
of the baseline measurement after releasing the ulnar artery. If the parameters stay low,
an adequate perfusion is not guaranteed. What is more, in addition to the measurements
performed during this study, further measurements at later time points could have been
performed to assess the long-term which could have provided further insight. However,
in this study, further measurements were deliberately omitted because we aimed to (1) to
ensure the greatest comparability possible between the gold standard and the new method
and (2) develop a new method for everyday clinical use. This method should be as simple,
fast, and objective as possible, so further, time-consuming follow-up measurements were
not necessary. With this study, we aimed to investigate the new method exactly as it should
be applied in clinical practice. Despite the more limited assessability of long-term perfusion
due to the reduction in the number of measurements, we were able to demonstrate that this
method can clearly distinguish between appropriate, questionable, and non-appropriate
donor sites. Nevertheless, especially in patients with impaired perfusion (questionable
and non-appropriate), the assessment of tissue perfusion in later recordings would be of
interest. A clear distinction could be made between delayed complete reperfusion and
lack of reperfusion, thus identifying patients who would be expected to develop long-term
tissue damage.

As the assessment of collateral perfusion by the ulnar artery is not just mandatory
in the field of flap raising, but also for arterial puncture in anesthesia, coronary artery
intervention and bypass, there is a high need for such a technique.

5. Conclusions

This study was able to show that, using HSI, a safe differentiation between perfusion
and occlusion is possible and that this method has a good correlation to the present gold
standard, the MAT. Therefore, HSI could serve as an additional method for the assessment
of the collateral circulation of the hand prior to invasive interventions involving the
damage or harvesting of radial artery. HSI provides some advantages over the single
visual assessment, as it provides objective, reproducible results without interobserver
error, can also be applied by non-medical personnel, and gives a visual and measurable
feedback. Yet, limitations are imposed by the poor data situation and examination-related
measurement errors.
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Abstract: Background: Microvascular tissue transfer is a common reconstructive procedure. We
designed a bioelectrical impedance assessment (BIA) system for quantitative analysis of tissue status.
This study attempts to verify it through the animal model. Methods: The flaps of the rat model were
monitored by the BIA system. Results: The BIA variation of the free flap in the rat after the vascular
compromise was recorded. The non-vascular ligation limbs of the same rat served as a control group.
The bio-impedance in the experimental group was larger than the control group. The bio-impedances
of both the thigh/feet flaps in the experimental group were increased over time. In the thigh, the
difference in bio-impedance from the control group was first detected at 10 kHz at the 3rd and last at
1 kHz at the 6th h, after vascular compromise. The same finding was observed in the feet. Compared
with the control group, the bio-impedance ratio (1 kHz/20 kHz) of the experimental group decreased
with time, while their variation tendencies in the thigh and feet were similar. Conclusions: The flap
may be monitored by the BIA for vascular status.

Keywords: flap grafting; microsurgery; biosensor; bioelectrical impedance; rat

1. Introduction

Free tissue transfer by microsurgery is a commonly performed procedure within
reconstructive surgery [1–3]. Using the autograft method, microvascular free tissue transfer
can effectively rescue lethal surgical complications [3,4]. Monitoring of perfusion status,
detection of thrombus formation within the capillaries after microsurgery and timely
rescue of the flap are the crucial elements that contribute to a perfect free skin flap surgery.
Physicians often observe variations in the flap edge, flap color and flap flexibility and use
their previous experience to evaluate the state of the flap [5,6]. However, there are no
objective parameters to help the physician make a correct judgement.

Measuring the surface temperature of grafted skin flaps is the simplest way of moni-
toring skin flap grafting. Physicians used skin temperature indicators to conduct free flap
monitoring [7]. When the center location of the skin dropped by more than 3 ◦C from
the baseline, it might have encountered arterial thrombosis. However, the sensitivity for
monitoring the surface temperature of skin flap grafts is not high enough [8]. Several
pieces of equipment, such as the Doppler ultrasound, a microdialysis system, a tissue pH
monitoring system, laser Doppler flowmetry and color Duplex sonography, have been
previously used to evaluate skin flaps [7–9]. The Doppler ultrasound device and the color
Duplex sonograph can monitor blood flow within the transferred flaps to indirectly evalu-
ate their condition. The microdialysis system is based on a perfusion sampling and dialysis
technique that estimates free transverse rectus abdominis myocutaneous (TRAM) flaps [9].
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Partial ischemia in free TRAM flaps could be indirectly estimated through variations in
glucose, glycerol and lactate concentrations. The tissue pH monitoring system indirectly
estimates the failure of free flaps and vascular complications using variations in pH that
are caused by blockages in the artery. Laser Doppler flowmetry and tissue spectropho-
tometry use blood flow parameters and oxygen saturation to distinguish between blocked
arteries and venous congestion [10]. Although the above methods could help the physician
evaluate the condition of flaps, most of them are invasive and expensive and require the
operator to be experienced.

Bioelectrical impedance analysis (BIA) has been developed to evaluate changes in
human tissue composition and animal experiments [11]. The basic concept of BIA is to inject
a current with different frequencies into the tissue to estimate the whole bio-impedance of
the human tissue, which is contributed to by the bio-impedances of the different human
tissue components [12,13]. It is a non-invasive measurement and can be used to monitor
changes in human tissue composition in real-time.

The advantages of BIA are that it is non-invasive and provides real-time measurements,
and it could have the potential as a helpful tool for evaluating the status of tissue flaps
after microsurgery. In the current study, physiological parameters were monitored using
the BIA technique to measure changes in bio-impedance and to verify the effectiveness of
BIA in a rat model.

2. Materials and Methods
2.1. Bioelectrical Impedance Analysis

When an electrical current passes through different types of human cells or tissues
(fluids, adipose, muscles, etc.), these tissues have different levels of conductivity due
to the different numbers of electrolytes in them. In general, adipose tissue and bone
have poorer conductivity, whereas fluids and muscles provide better conductivity. Lower
frequency electrical currents have difficultly penetrating the cell membrane when they pass
through a biological cell (i.e., most of the electrical current passes through the extracellular
cell). Higher frequency bio-impedance may give more information on the intracellular
and extracellular fluid [14]. Multiple-frequency BIA can be easily classified into several
different frequency bands: the alpha domain (1~10 kHz), the beta domain (10~50 kHz)
and the gamma domain (>100 kHz) [15]. Bio-impedance in the alpha domain may be
associated with information on tissue interfaces, while the beta domain is associated
with the polarization of cellular membranes, proteins and other organic macromolecules.
Bio-impedance in the gamma domain may be associated with the polarization of water
molecules [16]. Bio-impedance in the alpha and beta domains is most frequently used
because the differences between normal and pathological tissues can be observed in their
variations. Therefore, the change in the health of the flap may be effectively observed by
the bio-impedance measurement in the alpha and beta domains.

Bio-impedance systems typically use a voltage-controlled current source, such as a
Howland current source, to inject a known current into the tissue primarily for safety
purposes but also to eliminate the need to measure the injected current into the tissue. In
addition, safety limits according to international standards have been set with regards
to currents into tissues: 100 µA from 0.1 Hz to 1 kHz, 100f µA from 1 to 100 kHz, and
10 mA for frequencies greater than 100 kHz, where f is the frequency in kHz. A 5 µA can
be beneficial in terms of power consumption but maybe not that great for the signal-to-
noise ratio. The self-assembled bio-impedance parameter monitoring device used in the
current study is shown in Figure 1a. The bio-impedance parameter monitoring device was
designed to measure tissue bio-impedance signals. The back-end host system was designed
to analyze the raw data and to estimate, display and store the bio-impedance parameters.
To ensure no damage or pain was caused, the current passing through the biological tissue
was <5 µA. The excitation buffer can provide 2.5 Vp-p steady excitation voltage, and the
reference resistance is set to about 5 M ohm. Therefore, the injected current will be limited
below 5 uA. The block diagram for the bio-impedance parameter monitoring device is
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shown in Figure 1b. It mainly contains a microprocessor, a wireless transmission circuit, a
steady voltage source circuit, a voltage divider circuit, a voltage acquisition circuit and a
probe. The cost of this system is 200 USD.
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Figure 1. (a) Photograph and (b) block diagram of the self-assembled bio-impedance parameter
monitoring device.

For functional bio-impedance analysis, the steady voltage source circuit was designed
to provide a steady voltage with a specific frequency ranging from 1 to 20 kHz, which can
be controlled by the microprocessor. The cut-off frequency of the low-pass filter in the
steady voltage source circuit was set to 25 kHz. The generated steady voltage will then pass
through the voltage divider circuit and the stainless-steel electrodes. The pair of stainless-
steel electrodes will be placed on the region of tissue being measured. When generated,
the steady voltage passes through the tissue via the electrodes and will then be attenuated
due to tissue bio-impedance. The voltage acquisition circuit then receives the attenuated
steady voltage signal and estimates the bio-impedance of the tissue. The gain of the voltage
acquisition circuit is adjustable and can be set to 1, 2, 5 or 10. The sampling rate of the
analog-to-digital converter in the microprocessor is set to 200 kHz. Under the consideration
of simple operation and implementation of the designed device, bipolar measurement is
used in this study. In bipolar measurement, the electrode interface impedance may cause
the contributor in the measured impedance. Under the same measurement condition, the
relative impedance change caused by the change in the health of the flap was monitored.
Here, the distance between the two electrodes is set to 10 mm. Because the thickness of the
flaps is about 1–3 mm, the measuring depth of the designed device should be sufficient.
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Here, the shape of the used electrodes is a round tip needle, and it can reduce the risk of
injuring the flaps. The used electrodes are made of stainless steel can improve the issue of
metal oxidation.

2.2. Animal Experiment Design and Procedure

In the animal experiment, adult male Sprague Dawley albino rats with a weight of
325 ± 25 g were used. The experimental procedure was approved by the Animal Care
and Use Committee of Chi-Mei Medical Center to minimize the discomfort to the animals
during the study period. All rats were kept in a temperature-controlled air-conditioned
room (23 ± 2 ◦C) for at least 7 days before this experiment began and were maintained in a
12-h light/dark cycle. After the experiment, all rats were sacrificed using urethane. During
the experiment, all rats were first anesthetized by intraperitoneal injection with ketamine,
and their hair was trimmed using a razor blade. Then, the right thigh of the animal was
surgically dissected, and its muscles, nerves and skin tissue were all divided; their vascular
pedicle was isolated but not transected. The left thigh of the animal that did not undergo
surgery was still able to supply blood and nutrition from the femoral vessels and was used
as the control group (Figure 2). Next, the skin on the right thighs was sutured, and probes
from the BIA system were attached to both limbs. After the BIA system started to record,
the right vascular pedicles were ligated. The BIA system probes were placed on the thighs
of the animal to acquire the bio-impedance every hour using a self-assembling holder to
stabilize the probe on the target surface. The total length of the experimental procedure
was >8 h.
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Figure 2. (A) A visualized experimental protocol. (B) Skin repair before measurement.

Six same reparative manipulations were done in rats. Power analysis is listed in
Table 1. One-way analysis of variance (ANOVA) was used to analyze the experimental
results, and p < 0.05 was considered to indicate a significant difference.

Table 1. Post hoc power analysis for comparing two group means.

Group Impact Region 1 kHz 5 kHz 10 kHz 20 kHz

Experimental group Thigh 28.60% 50.90% 81.40% 45.40%
Feet 31.40% 40.50% 91.60% 3.30%

Control group
Post hoc was estimated using the means and standard derivation and the sample size of each group (n = 6). The
control group was defined as group 1, and the experimental group was defined as group 2. The significance level
of alpha was defined as 0.05.

3. Results

The bio-impedance variation of the skin flap after surgery was investigated. The
bio-impedances of both the thigh and feet skin flaps in the experimental group were clearly
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increased over time. Figures 3 and 4 show the time courses of the average bio-impedance
in the thigh and feet skin flaps for the different frequencies. The average bio-impedances
were obtained from six separate experimental trials. The standard deviation of the bio-
impedance in the experimental group was significantly larger than the control group. In the
thigh, the difference in bio-impedance from the control group was first detected at 10 kHz
(Figure 3c) at the 3rd h and last detected at 1 kHz (Figure 3a) at the 6th h, after vascular
compromise. The same finding was observed in the feet. (earliest in 10 Hz at the 3rd h and
latest in 1 Hz at the 6th h). Moreover, with the increase in time, the difference between
the bio-impedances of the thigh and feet flaps for the control and experimental groups
also significantly increased. Figure 5 shows the average bio-impedance ratio (1/20 kHz).
Compared with the control group, the bio-impedance ratio of the experimental group
decreased with time, while their variation tendencies in the thigh and feet were similar.
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Figure 3. The time course of (a) 1 kHz, (b) 5 kHz, (c) 10 kHz and (d) 20 kHz average bio-impedance
in the thigh flaps (* p < 0.05).
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Figure 4. The time course of (a) 1 kHz, (b) 5 kHz, (c) 10 kHz and (d) 20 kHz average bio-impedance
in the feet flaps (* p < 0.05).
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Figure 5. (a) Time course of the average bio-impedance ratio (1 kHz/20 kHz) in the thigh. (b) The
time course of the average bio-impedance ratio (1 kHz/20 kHz) in the feet.

4. Discussion

Free tissue transfer by microsurgery is a meticulous procedure for reconstructive
surgery following cancer or trauma. The first 48 h after surgery are critical for identifying
and salvaging a failing flap. Most clinical teams can only provide routine spot checks on
patients with the overwhelming workload. Therefore, continuous monitoring can reduce
the flap failing rate. Some devices have been developed for continuous monitoring of
tissue flaps after surgery, guts perfusion and myocardium by measuring microvascular
parameters [11,13,17,18].

Our study demonstrated that after free flap ischemia after vascular compromise, the
bio-impedances of the experimental group gradually increased over time. Metabolically
active tissues can encounter a lack of oxygen and nutrition, which can cause severe ischemic
injuries [19]. When ischemic injuries exceed the tolerance level of flap cells, the flaps will
be destroyed [20,21]. Previous studies have indicated that hypoxia-ischemia directly affects
the change in tissue bio-impedance and causes an increase in tissue bio-impedance [22–24].

The bio-impedance decreased as the frequency increased. This is because higher
frequency currents have a better penetrating ability in tissue, as shown in Figures 3 and 4.
When the frequency of the electrical current increases, it penetrates not only the extra-
cellular fluid but also the cell membrane and intracellular fluid [25,26]. At 1 and 5 kHz
bio-impedance, the experimental group was significantly different from the control group
for 5 h after surgery. At 10 and 20 kHz bio-impedance, the bio-impedance of the experi-
mental group was significantly different from the control group for 3 h after surgery. This
also indicates that higher frequency bio-impedance (at about beta domain) may be more
sensitive to tissue changes after perfusion compromise of skin flaps grafts. In Figure 5, the
average bio-impedance ratio (1/20 kHz) decreased with time after surgical occlusion of the
vessels. When ischemic injuries occur, extracellular fluid flowing into intracellular fluid re-
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sults in an increase in capacitive reactance and resistance [13,18]. However, high-frequency
currents have better penetration and can provide more sensitive results associated with
skin flap necrosis in deeper tissue. Therefore, compared with the control group, the average
bio-impedance ratio of the experimental group decreased with time, and the differences
between the groups were higher in the thigh (proximal part of the flap near the vessel stalk)
than in feet (Figure 5).

Several techniques, such as pH monitoring, microdialysis and laser Doppler flowmetry,
might also be used to enhance survival following skin flap grafting. In 1996, WJ Issing et al.
used a pH monitoring system to evaluate skin flap viability [27]. The pH monitoring system,
which can be used to estimate the degree of ischemia, has to plant a pH microelectrode into
the tissue, and then the pH value will change as the biological tissue becomes ischemic [28].
The pH monitoring system has low complexity, is not expensive and provides real-time
data. However, the device is invasive (probe insertion into the flap). The microdialysis
system can also be used to analyze the ratio of lactate to pyruvic acid in the cell substance
to determine the degree of hypoxia-ischemia and is thus a useful tool for monitoring
the viability of free flaps [29,30]. In 2016, L Liasis et al. also used the microdialysis
system to evaluate the ischemic condition of limbs in patients with diabetes mellitus after
amputation [31]. Although the microdialysis system is accurate, it is expensive and invasive
and is not suitable for long-term free flap monitoring. Moreover, the microdialysis system
requires an experienced operator to conduct the monitoring. Laser Doppler flowmetry is
also used in the clinic to estimate the blood flow value. From the variation in blood flow
rate, the physician can indirectly evaluate the state of the grafted skin flap [8]. This method
is non-invasive but is highly dependent on the experience of the operator. Our BIA system
is non-invasive and gives a fast response for detecting the state of the grafted flap; it was
easy to use in this rat model. It is potentially useful in a clinical setting after microsurgery
with free flaps. However, the change in this BIA after vascular complication is a minimum
of 3 h; thus, the system has no sufficient clinical impact yet. Combination with the other
bio-signals, for example, near-infrared spectrum, may increase its clinical usability further.

5. Conclusions

This BIA system was validated in this animal experiment for its usefulness in monitor-
ing the vascularity and tissue status of grafted flaps. In the experimental group (transected
femoral vessels in the groin to stop the blood supply to the flaps), the bio-impedance values
of the flaps were significantly increased over time. Higher frequency electrical currents can
better penetrate the tissue and are more stable. The 10 kHz detected the bio-impedance
difference earliest (3rd h), and the 1 kHz detected the latest bio-impedance difference
between the experimental group and the control group after vascular compromise.
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