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González-Pacheco, Miguel A. Garcı́a-Bello, Javier Álvarez-de la Cruz and José L. Pais-Brito
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Abstract: Extracapsular hip fractures are very common in the elderly. They are mainly treated
surgically with an intramedullary nail. Nowadays, both endomedullary hip nails with single cephalic
screw systems and interlocking double screw systems are available on the market. The latter are
supposed to increase rotational stability and therefore decrease the risk of collapse and cut-out. A
retrospective cohort study was carried out, in which 387 patients with extracapsular hip fracture
undergoing internal fixation with an intramedullary nail were included to study the occurrence of
complications and reoperations. Of the 387 patients, 69% received a single head screw nail and 31%
received a dual integrated compression screw nail. The median follow-up was 1.1 years, and in that
time, a total of 17 reoperations were performed (4.2%; 2.1% for single head screw nails vs. 8.7% for
double head screws). According to the multivariate logistic regression model adjusted for age, sex
and basicervical fracture, the adjusted hazard risk of reoperation required was 3.6 times greater when
using double interlocking screw systems (p = 0.017). A propensity scores analysis confirmed this
finding. In conclusion, despite the potential benefits of using two interlocking head screw systems
and the increased risk of reoperation in our single center, we encourage to other researchers to explore
this question in a wider multicenter study.

Keywords: hip fracture; trochanteric fracture; Gamma nail; InterTAN nail

1. Introduction

Hip fractures (HF) are a frequent problem in elderly patients, and are related to
osteopenia and osteoporosis. Around 1.6 million patients suffer from HF per year [1], and
by 2050, the global incidence is believed to become 4.5 million [2]. Reduced bone density,
female sex (female/male ratio greater than 2/1 in those over 50 years of age), low weight
and reduced physical activity are main risk factors for HF [1,2]. The mortality rate among
patients who suffer a hip fracture is 5–10% one month after the fracture and 20–30% in the
first year [1,2].

Hip fractures can be classified as intracapsular or extracapsular, and the latter are
subdivided into basicervical, intertrochanteric/pertrochanteric and subtrochanteric. Up to
half of such fractures are intertrochanteric, usually occurring in elderly patients as a result of
low-energy trauma [3]. The main treatment of these trochanteric fractures is surgery, which
can be extramedullary or intramedullary. Previously, extramedullary treatment with sliding
hip screw (SHS) was the most indicated, but some studies showed that nailing gave better
fracture fixation results for uncommon trochanteric fractures, especially subtrochanteric
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fractures, so the use of nailing has dramatically increased even though there is no evidence
that it is superior to the SHS in a simple intertrochanteric pattern [3].

Some of the most-used intramedullary nailing alternatives in our region are the
Gamma3 nail, PFNA (Proximal Femoral Nail Antirotation) and TRIGEN InterTAN. The
latter differs from the others in that it offers the possibility of two cephalo-cervical screws
that provide linear compression and additional resistance to the rotation of the femoral head,
while the others use a single screw [4,5]. Several studies and meta-analyses have compared
the use of these methods of treatment without reaching a definitive conclusion on which
fixation method is most appropriate to reduce complications and improve prognosis [6–17].
Independent risk factors for early mortality already reported in the literature are: male
sex, dependence on others for the basic activities of daily living, American Society of
Anesthesiologists (ASA) score > 2, older age and medical complications occurring while an
inpatient [18]. Fracture stability also plays a key role in the prognosis for these patients,
not only influencing early device failure requiring reoperation within 12 months, but also
increasing the rate of mortality after trochanteric hip fractures by up to 1.6 times [19].
Studies such as Chehade et al. also describe an increase in early osteosynthesis failure
associated with the use of double lag screw systems [19]. Attending to only unstable
hip fractures, such as subtrochanteric fractures, Panteli et al. identified six risk factors
associated with reoperation: age < 75 years old, pre-injury femoral neck shaft angle, choice
of nail, varus reduction angle, fracture-related infection and non-union. The addition of
a proximal anti-rotation screw did not confer any benefit [20] in terms of reoperation or
survival rates. Figures 1 and 2 show typical cases of pertrochanteric hip fracture treated
with an endomedullary nail.

 

Figure 1. Pertrocantheric hip fracture treated with a short Gamma3 nail.
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Figure 2. Pertrocantheric hip fracture treated with a short InterTAN nail (letter D for right lower limb).

For a time, in our service, we had the impression that systems with two cephalo-
cervical screws had a higher rate of reoperations. As such, the aim of this study is to
retrospectively review major post-surgical complications as they relate to the type of
nail used, comparing single head screw nails to dual integrated compression screw nails,
with nails being implanted at a third-level hospital. The hypothesis of our study is that
cephalomedullary nailing with double head screw systems present a greater number of
post-surgical complications compared to single screw systems.

2. Materials and Methods

2.1. Study Design

Single-center retrospective cohort study.

2.2. Study Subjects

We collected data of patients who underwent surgery and received a single or double
head screw hip nail at the Hospital Universitario de Canarias between 1 April 2019 and
26 July 2021 Inclusion Criteria: patients who received a single or double head screw
intramedullary hip nail, both short and long. All patients included began rehabilitation
treatment with full weight-bearing authorized in the first 24 h after the procedure, as
long as the postoperative hemoglobin level was greater than 8 g/dL in the postoperative
analysis. Exclusion Criteria: absence of follow-up, use of another fixation system other than
the Gamma3 or TRIGEN InterTAN nail, shaft femoral fractures, patients who underwent
surgery more than 72 h after suffering the fracture.

In our service, all pertrochanteric, basicervical or subtrochanteric fractures are treated
with endomedullary hip nails. Both Gamma3 and InterTAN nails are available in stock,
and the choice of implant is at the discretion of the attending physician. Both short
and long nails were included. Short nails have been selected for stable fracture patterns
(AO/OTA classification 31.A2/31.A3) and long nails for unstable fracture patterns (31.A3).
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Fracture patterns classified as 31.A2 were treated at the surgeon’s discretion according to his
clinical judgment.

2.3. Study Variables

Age, sex (female/male), laterality (right/left), type of fracture (AO classification), date
of surgery, type of nail (Gamma3/TRIGEN InterTAN), reoperation (yes/no; considering
only the first reoperation and the time until first reoperation), reason for reoperation
(cut-out/implant failure/infection/others), date of reoperation, exitus and date of exitus.

2.4. Data Collection

After approval by the Ethics Committee of the Hospital Universitario de Canarias
(code CHUC_2021_134), all patients who met the inclusion criteria and none of the exclusion
criteria were identified. A Microsoft Excel-type document was prepared in which patient
data related to all study variables were collected, excluding patients’ personal data. All
patient medical records were reviewed through the computer system of University Hospital
of the Canary Islands to complete the document, and the following data were collected:
evolution of hospitalization, discharge reports, follow-up in outpatient consultations.

2.5. Statistical Analysis

A descriptive analysis of the sample was made, where the continuous variables were
expressed by means and standard deviations (SD), and categorical variables expressed
through frequencies and percentages. In addition, a bivariate analysis was carried out
using the t-student or chi-square test according to the nature of the variables (continuous
or categorical, respectively).

In order to compare post-surgical complications requiring re-intervention, a sur-
vival cox regression model was applied. The dependent variable in the model was a
dichotomous variable indicating whether reoperation was required (yes/no) and the time
until reoperation. The following covariates were included in the model: type of nail
(Gamma3/InterTAN), type of fracture (Basicervical/Other), age and sex. Additionally, due
to concerns related to the rule of ten outcome events per predictor variable, the effect was
also estimated using full propensity score matching with the MatchIt package, which is
particularly suitable for modeling rare events.

3. Results

A total of 387 medical records were analyzed. The Gamma3 nail was used in
262 patients (67.7%) and InterTAN was used in 125 patients (32.3%). The mean age of the
study population was 81.6 (SD = 11.3), of which 74.2% were women (Table 1). The patients
were followed up with for a median of 1.1 years, with a maximum follow-up of 2.6 years.

Table 1. Characteristics of the sample according to the type of nail.

Total
(n = 387)

Gamma3
(n = 262)

InterTAN
(n = 125)

p-Value

Age, mean (SD) 81.6 (11.3) 81.9 (10.7) 81.1 (12.5) 0.524

Gender, Female, n (%) 287 (74.2%) 191 (72.9%) 96 (76.8%) 0.487

Laterality, right side, n (%) 213 (55.0%) 140 (53.4%) 73 (58.4%) 0.419

Type of fracture, n (%) <0.001

Intertrochanteric 240 (62%) 170 (64.9%) 70 (56%) 0.116

Persubtrochanteric 52 (13.4%) 36 (13.7%) 16 (12.8%) 0.925

Basicervical 51 (13.2%) 19 (7.3%) 32 (25.6%) <0.001

Subtrochanteric 44 (11.4%) 37 (14.1%) 7 (5.6%) 0.022

SD = Standard Deviation.
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A comparison of the sample based on the type of nail revealed that the two groups
had similar characteristics, with no significant differences in age, sex, laterality, or mortality.
However, there were some variations in the type of fracture observed. In the InterTAN
group, 25.6% of the fractures were basicervical, while 7.3% of the Gamma3 nail group
had basicervical fractures (p < 0.001). Conversely, the Gamma3 nail group had a higher
percentage of subtrochanteric fractures (14.1%) compared to the InterTAN group (5.6%;
p = 0.022). There was no significant difference in the percentage of intertrochanteric fractures
between the two groups (p = 0.116) (Table 1).

A total of 17 fractures required reoperation, as shown in Table 2. The reoperation
rates were higher in InterTAN group compared to the Gamma3 group (p = 0.009). Analysis
indicates that cut-out may have been a contributing factor to the difference in reoperation
rates between the two groups (p = 0.016).

Table 2. Incidence of complications in the follow-up period after surgery.

Total
(n = 387)

Gamma3
(n = 262)

InterTAN
(n = 125)

p-Value

Median of follow up (P25–P75) 1.1 (0.5–1.8) 1.0 (0.5–1.8) 1.2 (0.6–1.7) 0.82

Reoperations in the follow-up period after surgery, n (%) 17 & (4.4%) 6 (2.3%) 11 & (8.8%) 0.008

Reoperation required, rates at 1.5 Years Following Surgery *, % 5.8% 1.9% 13.3% 0.009

Any complication, rates at 1.5 Years Following Surgery, n (%) 18 (4.7%) 6 (2.3%) 12 (9.6%) 0.003

Cut-out 8 (2.1%) 2 (0.8%) 6 (4.8%) 0.016

Peri-implant fracture 6 (1.6%) 2 (0.8%) 4 (3.2%) 0.089

Nail Tear 3 (0.8%) 1 (0.4%) 2 (1.6%) 0.245

Infection 1 (0.3%) 1 (0.4%) 0 >0.99

Second reoperation in the follow-up period after surgery, n (%) 2 (0.5%) 1 (0.8%) 0 0.54

Exitus Rates at 1.5 Year Following Surgery *, % 26.9% 26.4% 27.8% 0.79

* Kaplan-Meier curve survival estimations. & One InterTAN patient required a reoperation, but it was ruled out
due to health problems.

Analyzing which other factor could explain the reoperation rate, we can see there was
no significant different rate associated with the side of the fracture (p = 0.80), sex (p = 0.50)
or age (p = 0.45).

3.1. Risk of Reoperation in the Follow-Up Adjusting by Cox Regression Modeling

The Cox regression model was used to analyze the association between the risk of
reoperation and different covariates. The results of the model indicate that the type of nail
(Gamma3/InterTAN) was a significant predictor of reoperation, with patients who received
the InterTAN having a higher hazard ratio (HR) of 3.6 (95% CI: 1.3, 10.5) for required
reoperation compared to those who received the Gamma3 nail. The results of Model 2 (Cox
regression model for risk of reoperation needed) indicate that the type of nail (Gamma3 vs.
InterTAN) was a significative predictor of reoperation required (Table 3), but neither the
type of fracture (basicervical/other) nor age nor sex were found to be significant predictors.
These results suggest that the type of nail may be an important factor in determining the
risk of reoperation after surgery.

In addition to the Cox regression analysis, a Kaplan-Meier survival curve was gener-
ated to visualize the probability of required reoperation over time for the different nails.
The results of the Kaplan-Meier analysis show that the probability of required reopera-
tion was higher for patients who received the InterTAN (Figure 3a). The curve for the
InterTAN group drops more steeply than the curve for the Gamma3 nail group, indicating
that reoperations required were more likely to occur early on, and at a higher rate in the
InterTAN group. We can see that the difference was important from one year of follow-up.
Additionally, the log-rank test was performed to test the equality of the survival curves
between the two groups, with a p = 0.001 indicating a statistically significant difference
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between the groups. Overall, the Kaplan-Meier analysis provides a visual representation of
the reoperation required rates, and supports the findings from the Cox regression analysis.
Otherwise, we analyzed all-cause mortality and didn’t find any difference between nail
groups related to overall survival, p = 0.70 (Figure 3b).

Table 3. Cox regression model for risk of reoperation needed.

Model 1: Not Including Type of Nail Model 2: Including Type of Nail

HR [95% CI] p-Value HR [95% CI] p-Value

InterTAN vs. Gamma3 nail - - 3.6 [1.3–10.5] 0.017

Basicervical fracture 2.3 [0.82–6.7] 0.11 1.4 [0.47–4.3] 0.54

Age 0.99 [0.95–1.03] 0.70 1.0 [0.96–1.04] 0.94

Men 1.3 [0.41–4.1] 0.66 1.4 [0.43–4.4] 0.58

McFadden pseudo-R2 0.017 0.052

 
(a) 

Figure 3. Cont.
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(b) 

Figure 3. (a) Risk of reoperation needed. (b) Risk of all-cause mortality.

3.2. Risk of Reoperation Evaluated after Propensity Score Matching

We conducted a propensity score matching, which shows how the balance of the
baseline covariates between the treatment groups was assessed to evaluate the success
of the matching procedure. The results after propensity score matching show that the
distribution of the baseline characteristics, including age, sex and type of fracture, were
similar between the treatment groups, with a standardized mean difference of less than 0.1
for all covariates (Figure 4). This suggests that the propensity score matching procedure
was successful in controlling for potential confounding effects of the baseline covariates on
the treatment effect. Additionally, the effect of the treatment on the outcome of interest,
reoperation, was found to be consistent with the results obtained before propensity score
matching (HR = 3.3; p = 0.038).
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Figure 4. Standardized mean difference of baseline characteristics before and after propensity score
matching. The solid vertical line represents the threshold of 0.1, indicating balance between the
groups. The matching procedure was successful in balancing the baseline characteristics between the
treatment groups.

4. Discussion

The present study showed that in this cohort, double interlocking head screw nailing
systems such as the InterTAN nail led to a significantly higher rate of reoperations compared
to the Gamma3 nail. At first, it seemed that this finding could be associated with the
fracture pattern, as there was a heterogenous distribution of types of fracture. However,
no significant differences were found in any other indicators between the two groups,
including type of fracture, sex or age.

Although there is some scientific biomechanical proof of the rotational stability of
InterTAN nails [5], in clinical studies and reviews, there is still controversy between the
existing types of nails [6–17]. A priori, this increase in rotational stability would be advanta-
geous in basicervical fracture traces by avoiding rotation of the cervical neck when drilling
or inserting the cephalic screw. However, this supposed biomechanical advantage was not
reflected in the patients in the study who underwent surgery.

There have been two Cochrane reviews about trochanteric fracture treatment [3,7].
One compares nails to extramedullary implants [4] and another compares the different
types of nails [8]. In the latter review, Queally et al. analyzed 17 randomized clinical
trials (RCTs) prior to 2014, compared different nails and concluded that there was insuf-
ficient evidence from randomized trials to determine if there are important differences
in patient outcomes between the different designs of proximal femoral intramedullary
nail produced by different manufacturers when used for the fixation of unstable, or stable,
trochanteric fractures [7].

There are also more recent clinical trials and meta-analyses comparing different nails
and it continues to be uncertain whether there is a difference between implants. Two RCTs
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specifically compared Gamma3 to InterTAN with similar results [8,9]. Su et al. concluded
that no significant difference was found in X-ray times, reduction results, TAD, time
to mobilization, operative complications, femoral neck shortening or fracture healing
time [8]. Berger et al. affirmed that, in terms of implant-related complications, no significant
differences were recorded [9]. Zhang et al. have several studies, including one RCT,
comparing InterTAN to PFNA-II in which they didn’t find any significant differences in
outcomes except for high pain [10–12]. Ülkü et al. retrospectively studied nail migration.
Although there was a significant difference in favor of InterTAN, nail migration in the
PFNA group did not result in reoperation [13]. Ricci et al. also found a higher radiological
collapse in PFNA and DHS vs. InterTAN, but they don’t mention whether that has clinical
repercussions [14]. The Liu et al. meta-analysis included two RCTs and seven observational
studies, and concluded that patients with the InterTAN nail had a lower risk of screw
migration, pain at thigh or hip, cutout, varus collapse of the femoral head, femoral shaft
fracture and reoperation. Nonetheless, that finding was based mainly on observational
studies, as the researchers didn’t find superiority in cutout, reoperation and femoral shaft
fracture when considering only the RCTs [15]. There are two other meta-analyses that
suggest that InterTAN leads to fewer complications when compared to single screw devices.
However, both of them include mainly retrospective studies and both have conflicts of
interest, as they were done by Smith and Nephew collaborators [16,17].

Although we have not screened every patient included in the study for osteoporosis,
we can affirm that most patients suffered from it to a greater or lesser degree due to their
age, comorbidities and the fact that they had suffered the fracture from a low energy
impact. A plausible explanation for these results could be the greater aggression to both
the head and the femoral neck caused by the integrated double screw. The double reaming
performed, coupled with the fact that the double screw system is thicker than the single
screw, could further weaken the cortices and the vascularization of an already-weakened
bone, increasing the risk of osteosynthesis failure in certain cases.

However, there are several inherent limitations to our study that deserve consideration.
First, the retrospective nature presents a potential selection bias. Patients were distributed
between treatment groups based on surgeon preference and we didn’t consider the sur-
geon’s experience in our analysis. Additionally, the pattern of fracture was heterogeneously
distributed in both groups and the number of cases is low. Although adjustment was made
for several variables, it is possible that residual confounders between the nails could still be
present, and therefore the adjusted cox regression and propensity score matching may not
be able to adjust or balance all unmeasured confounders. In our center, immediate postop-
erative radiographs are performed by radiology technicians without the direct supervision
and approval of a traumatologist. In several patients, the axial projection of the hip was
not performed correctly or was not performed at all. Due of this, it was not possible to
perform a correct measurement of the tip-apex distance in all patients, so it was decided
not to include it in the study parameters. Lastly, single-center studies lack the external
validation required to support changes in practice, so we recommend interpreting these
results with caution.

5. Conclusions

Single head screw nails such as Gamma3 and dual integrated compression head screw
nails such as InterTAN may be effective for surgical treatment of trochanteric fractures.

A higher risk of reoperation was found when using InterTAN. Therefore, despite the
potential biomechanical benefits of using two screws with the InterTAN nail, we cannot
recommend it over the Gamma3 nail.

Large-sample multicenter studies may be needed in the future to compare the different
cephalomedullary nails available.
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Abstract: Posttraumatic osteoarthritis may lead to surgical fusion of the ankle joint if non-surgical
therapy fails. The indication for a fusion of the joint is based on the pain and disability of the patient,
radiographic imaging, and surgeon experience, with no strict guidelines. We aimed to compare
outcomes after tibiotalocalcaneal arthrodesis (TTCA) and tibiotalar arthrodesis (TTA) to highlight
the functional importance of the subtalar joint. In total, 432 patients with ankle arthrodesis were
retrospectively enrolled. Group A (n = 216) underwent TTCA; group B (n = 216) underwent TTA.
Demographics, Olerud & Molander Ankle Score (OMAS), Foot Function Index (FFI-D), and Short
Form-12 Questionnaire (SF-12) were recorded at a mean follow-up of 6.2 years. The mean OMAS
was 50.7; the mean FFI-D was 68.9; the mean SF-12 physical component summary was 39.1. These
scores differed significantly between the groups (p < 0.001). The overall revision rate was 18%,
primarily for revision of non-union and infection (p < 0.001). Approximately 16% of group A and
26% of group B were able to return to previous work (p < 0.001). Based on significantly worse
clinical scores of TTCA compared to TTA and the prolonged downtime and permanent incapacity, the
indication for a generous subtalar joint arthrodesis with planned ankle arthrodesis should always be
critically examined.

Keywords: ankle arthrodesis; tibiotalocalcaneal arthrodesis; subtalar arthrodesis; gait pattern;
posttraumatic osteoarthritis

1. Introduction

Rare primary arthroses of the ankle joint account for less than ten percent of all cases.
Additionally, traffic accidents and sports injuries lead to serious fractures of the ankle joint
with posttraumatic osteoarthritis [1]. However, chronic instabilities due to insufficiency
of the inner and outer ligaments of the upper ankle joint, as well as acute and chronic
syndesmosis injuries with resultant chronic instability, are also possible causes, and habitual
malpositions with an axial deviation of the hindfoot or entire leg axis also favor such signs
of wear and tear [2]. If non-surgical therapy, such as adjustment of footwear, nonsteroidal
anti-inflammatory drugs, and physiotherapy, fails, and joint preservation is no longer
possible, the indication for arthrodesis of the ankle joint arises.

In this context, it is known that a subsequent conversion of a total ankle replacement
into a tibiotalar arthrodesis is inferior to a primary fusion [3,4]. The idea that previously
mild osteoarthritis of the subtalar joint may develop into severe osteoarthritis leads to a
discussion of early indications for tibiotalocalcaneal arthrodesis (TTCA).

Regardless of the radiological findings, complaints of pain surrounding the subtalar
joint cannot always be reliably differentiated when tibiotalar arthrodesis (TTA) is indicated.

J. Clin. Med. 2023, 12, 3123. https://doi.org/10.3390/jcm12093123 https://www.mdpi.com/journal/jcm
13



J. Clin. Med. 2023, 12, 3123

The indication for TTA or TTCA then depends primarily on the experience of the treating
surgeon, in addition to the patient’s disability and pain.

The outcomes of TTA and TTCA are sometimes unsatisfactory and are associated with
low score values due to the associated restriction of movement and the long duration of
pain and suffering [5,6]. We aimed to compare the clinical outcomes of TTCA and TTA in a
direct comparison using a demographically comparable and large patient population.

2. Materials and Methods

2.1. Population

Between 2010 and 2022, 432 patients with ankle arthrodesis (278 males and 154 females,
mean age: 64 years [range: 27–93 years]) were retrospectively enrolled in this comparative
monocentric study. Group A (n = 216) underwent TTCA; group B (n = 216) underwent
TTA. Both groups were equally distributed in terms of demographics (Table 1). All patients
were seen during foot surgery consultations at the study center (Figure 1). The diagnosis
of end-stage posttraumatic osteoarthritis of the ankle was made on the basis of clinical
examination, obligatory weight-bearing radiographs, and computer tomography.

Table 1. Patient characteristics.

Characteristic TTC (n = 216) TT (n = 216) All (n = 432) p

Follow-up (months) Mean 78.61 69.48 73.99 0.018
SEM 2.73 2.70 1.93

Minimum 12.00 13.00 12.00
Maximum 154.00 152.00 154.00

Age, years Mean 64.02 63.67 63.84 0.760
SEM 0.85 0.81 0.59

Minimum 27.00 29.00 27.00
Maximum 93.00 91.00 93.00

BMI, kg/m2 Mean 30.18 29.63 29.91 0.361
SEM 0.43 0.42 0.30

Minimum 16.40 18.60 16.40
Maximum 58.30 64.10 64.10

Sex, n (%) Male 135 (62.50) 134 (66.20) 278 (64.35) 0.423
Female 81 (37.50) 73 (33.80) 154 (35.65)

Affected side, n (%) Left 111 (51.39) 95 (43.98) 206 (47.69) 0.124
Right 105 (48.61) 121 (56.02) 226 (52.32)

Smoker, n (%) Yes 51 (23.61) 34 (15.74) 85 (19.68) 0.029
No 159 (73.61) 181 (83.80) 340 (78.70)
n.a. 6 (2.78) 1 (0.46) 7 (1.62)

Pre-existing conditions
(multiple answer), n (%)

Associated
metabolic
syndrome

82 (37.96) 79 (36.57) 161 (37.27) 0.385

Rheumatism 10 (4.63) 8 (3.70) 18 (4.17)
Others 44 (20.37) 29 (13.43) 73 (16.90)
None 45 (20.83) 57 (26.51) 102 (23.61)

Initial injury, (multiple
answer), n (%) Ankle fracture 120 (55.56) 134 (62.04) 254 (58.79) 0.054

Ankle Ligament
Tear 15 (6.94) 47 (21.76) 62 (14.35) <0.001

Syndesmotic injury 16 (7.41) 22 (10.18) 38 (8.79) 0.196
Failure of Total

Ankle
Arthroplasty

29 (13.43) 9 (4.17) 38 (8.79) 0.003

Talar fracture 24 (11.11) 6 (2.78) 30 (6.94) <0.001
Others 43 (19.9) 51 (23.61) 94 (21.76) 0.251

BMI, body mass index; SEM, standard error of the mean; TTC, Tibiotalocalcaneal Arthrodesis; TT, Tibiotalar
Arthrodesis.

14



J. Clin. Med. 2023, 12, 3123

Figure 1. Study flow chart.

All patients underwent TTCA or TTA at the study center by five surgeons with the
same expertise in this type of surgery. The mean follow-up duration for clinical outcomes
was 6.2 years (range: 12–154 months). All procedures were performed in accordance
with the 1964 Helsinki Declaration and its later amendments. The ethics committee of the
institutional review board approved this study (2022-2883-evBO).

2.2. Inclusion and Exclusion Criteria

Patients older than 18 years were included; there was no maximum age limit. Written
informed consent was required prior to participation. The indication for surgery was based
on underlying painful end-stage posttraumatic osteoarthritis of the tibiotalar and additional
subtalar joint leading to TTCA or TTA. Only surgeries performed at the study center were
included. Destruction of the ankle joint due to rheumatic disease or malignant neoplasm of
bone, such as osteosarcoma with multiple reconstructions and eventual tibiotalar fusion,
were not included.

2.3. Surgical Procedures

The decision for TTCA or TTA on the basis of the objectifiable radiological criteria
was largely guided by the surgeon’s personal experience, the expected osteoarthritis of the
subtalar joint, and the patient’s expectations. Uniform criteria could only be completely
delimited at follow-up. The surgical procedures were performed under general anesthesia
or, less frequently, under spinal anesthesia, and a tourniquet was obligatorily applied to
the thigh. The patient was placed in a supine position for both procedures.

For TTCA, the approach was usually along the lateral malleolus, which is osteotomized
and decorticated 5–10 cm proximal to the tip of the malleolus, depending on the size of the
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patient and pre-ordered destruction of the ankle joint. The tibiotalar and subtalar joint was
then dissected via this approach, with the removal of any remaining cartilage and resection
of the destroyed subchondral sclerosis. All TTCAs were performed by implantation of a
hindfoot fusion nail with 5◦ valgus. The diameter and length of the nail were chosen to
be between 150 mm and 300 mm according to preoperative planning and intraoperative
findings (Figure 2). A shorter nail with a diameter of 12 mm was the most common.
Interposition autologous or allogenic cancellous bone grafting was performed in less than
20% of cases.

  

(a) (b) 

  

(c) (d) 

Figure 2. Pre- and postoperative radiographic findings of end-stage posttraumatic arthritis of the
left ankle of a 79-year-old male treated with a tibiotalocalcaneal arthrodesis (TTCA) T2™ Ankle
Arthrodesis Nail, 150 × 12 mm. (a,b) Anteroposterior view, preoperative. (c,d) Anteroposterior view,
3 months postoperative.
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TTA was regularly performed via an anterior approach between the tibialis anterior
and the extenso hallucis longus tendon. After the prescribed preparation of the joint, a
fusion was performed by inserting 2–3 converging cannulated screws (diameter of 6.5 or 8
mm) or an anterior fusion plate (Figure 3). Other approaches, such as lateral, posterolateral,
and medial, as well as combined approaches, were also used where necessary. Nevertheless,
treatment via the anterior approach was the most common, at over 80%. Regardless of the
technical implementation, both the TTCA and the TTA were designed to be neutral in both
the coronal and the sagittal plane, with a physiological valgus of the hindfoot of 5◦.

  

(a) (b) 

  

(c) (d) 

Figure 3. Pre- and postoperative radiographic findings of end-stage posttraumatic arthritis of
the left ankle of a 44-year-old male treated with tibiotalar arthrodesis (TTA) using cannulated
screws (diameter 6.5 mm). (a,b) Anteroposterior view, preoperative. (c,d) Anteroposterior view,
8 weeks postoperative.
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2.4. Rehabilitation Protocol

The protocol following TTCA and TTA was the same. The post-treatment scheme
involved wearing an orthotic boot (e.g., VACOped™) for a total of 12 weeks and ambulating
on the forearm or armpit crutches. For the first 6 weeks, patients were required to wear the
boot for 24 h a day with merely sole contact; removal of the boot for personal hygiene and
physiotherapy was permitted.

After an X-ray examination, the boot was worn for an additional 6 weeks, with a
gradual increase in load. During this time, the boot could be removed at night. At 12 weeks
after surgery, computed tomography was carried out, and the footwear was orthopedically
adapted for everyday use.

2.5. Assessment Methods

Demographic data, including age, body mass index (BMI), pre-existing conditions
(such as those associated with syndrome-x), and nicotine abuse, were obtained for each
patient. The Olerud & Molander Ankle Score (OMAS), Foot Function Index in its validated
German version (FFI-D), the Short Form-12 Questionnaire (SF-12), and the type and number
of revisions were recorded as part of the follow-up (Table 1).

2.6. Statistical Analysis

The primary goal was to compare significant differences in the outcome of TTCA
and TTA using a representative number of patients to illustrate the power of the included
data with a mean follow-up time of 6.2 years. Due to the retrospective design, there is
no case number calculation. So far, monocentric studies with comparable questions have
presented significantly smaller populations [7,8]. All statistical analyses were performed
using SPSS v. 23 software (IBM Dtl. GmbH, Ehningen, Germany). Furthermore, descriptive
and explorative statistical analyses for the queried scores, including within-group means,
medians, minima and maxima, and standard deviations, were applied. Student’s t-test and
ANOVA were used. The power of the study was 0.8, and the significance level was set to p
< 0.05, with a 95% confidence interval.

3. Results

After an average postoperative follow-up of 74 months (range: 12–154 months),
the mean OMAS and FFI-D scores were 50.7 (TTCA: 43.0; TTA: 58.2) and 68.9 points,
respectively. The difference was significant, as was the physical component summary of
the SF-12 (mean: 39.1; TTCA: 33.5; TTA: 42.5), (p < 0.001).

The ability of the patient to return to their job also differed significantly: in the TTCA
group, around 15% returned successfully; in the TTA group, 26% (p < 0.001). Only the
mental component summary of the SF-12 showed no significant difference, with a mean
value of 50.6 for all patients (p = 0.369). In a free survey, one-third of patients reported that
their gait was as expected after the arthrodesis, one-third reported that it was worse, and
one-third managed better than expected before surgery. The distribution applied equally to
both groups.

Complications

The overall revision rate was approximately 19%, with a significantly higher propor-
tion in the TTCA group (all n = 80; TTCA: n = 64 (29.6%), TTA: n = 16 (7.41%); p < 0.001).
Most revisions had to be performed due to non-union and infections. In addition, minor
complications, such as delayed wound healing, swelling, discomfort, and cramps, were
recorded (Table 2).
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Table 2. Clinical outcome with subgroups.

Measurements TTCA (n = 216) TTA (n = 216) All (n = 432) p

Olerud & Molander Mean 43.00 58.16 50.67 <0.001
SEM 1.68 1.67 1.24

Minimum 0.00 0.00 0.00
Maximum 100.00 100.00 100.00

FFI-D Mean 76.64 61.36 68.89 <0.001
SEM 1.98 2.17 1.52

Minimum 15.00 5.00 5.00
Maximum 135.00 140.00 140.00

SF-12 (Physical component summary) Mean 35.52 42.49 39.07 <0.001
SEM 0.75 0.71 0.54

Minimum 11.73 16.54 11.73
Maximum 56.63 61.22 61.22

SF-12 (Mental component summary) Mean 50.09 51.07 50.59 0.369
SEM 0.81 0.72 0.54

Minimum 17.10 18.39 17.10
Maximum 68.89 71.03 71.03

Gait after surgery as expected As expected 80 (37.04) 83 (38.43) 163 (37.73) 0.360
Better than
expected 63 (29.17) 91 (42.13) 154 (35.65)

Worse than
expected 63 (29.17) 40 (18.52) 103 (23.84)

n.a. 10 (4.63) 2 (0.93) 12 (2.78)
Complication, Revision surgery needed

(multiple answer), n (%) Yes 64 (29.63) 16 (7.41) 80 (18.52) <0.001

No 152 (70.37) 200 (92.59) 352 (81.48)
Infection 23 (10.65) 5 (2.32) 28 (6.48) <0.001

Non-union 32 (14.81) 5 (2.32) 37 (8.57) <0.001

Footwear (multiple answer), n (%) Orthotic
insoles only 41 (18.98) 72 (33.33) 113 (26.16) 0.002

Shoe adaption 106 (49.07) 66 (30.56) 172 (39.82)
Others 9 (4.17) 2 (0.93) 11 (2.55)

Nothing
special 60 (27.78) 76 (35.19) 136 (31.48)

Return to the learned profession, n (%) Yes 33 (15.28) 57 (26.39) 90 (20.83) <0.001
Permanently unable to work, n (%) Yes 49 (22.68) 26 (12.04) 75 (17.36) <0.001

Retraining, part-time, pension, n (%) Yes 134 (62.04) 133 (61.57) 267 (61.81) >0.05

SEM, standard error of the mean; MT, metatarsal; SF-12, 12-Item Short Form Health Survey; TTCA, Tibiotalocal-
caneal Arthrodesis; TTA, Tibiotalar Arthrodesis.

4. Discussion

TTCA and TTA for the treatment of end-stage posttraumatic osteoarthritis of the
ankle yielded significant differences in our validated scores. If an additional subtalar
arthrodesis is necessary, in addition to the pure tibiotalar arthrodesis, this represents a
massive impairment of quality of life. These patients will elicit significantly poorer results
compared to those undergoing isolated tibiotalar arthrodesis.

The aim of TTCA and TTA is the relief of pain caused by end-stage posttraumatic
arthrosis, as well as to straighten possible malpositions and establish stability. Both methods
are established in this regard. However, there is still no clear guideline as to which
patients benefit from subtalar arthrodesis in the context of ankle fusion. Direct comparisons,
especially in studies with a population with only terminal posttraumatic osteoarthritis of
the ankle that is comparable in terms of risk profile and demographic data, only show the
results of a small number of cases [7]. The results of TTCA and TTA vary from good for
bone consolidation, reduced postoperative complications, and improvement of pain and
quality of life, to the suggestion that additionally fusing the subtalar joint does not cause
greater movement restriction [8–10]. Both these statements are difficult to understand on
the basis of our data. Rather, we have confirmed that the subtalar joint plays a decisive
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role in mobility, especially in the case of an already fused tibiotalar joint. The additional
requirement of a fusion of the subtalar joint leads to a considerable restriction of mobility
with a corresponding reduction in quality of life. Regardless of this assessment, the results
of the quality of life scores for TTCA and TTA reflect the respective results of the current
literature without significant deviations [11–13].

Since no relevant differences could be determined from the subgroup analysis of the
respective arthrodesis procedures in the TTA group, a separate presentation of the results
was not carried out. This is in accordance with Prissel et al., who also showed no significant
difference in clinical and radiological outcomes with similar complication rates after ankle
arthrodesis using anterior locking plate fixation or converging screws [14]. Thus, the present
data confirm the biomechanical and clinical studies that put the importance of the screw
diameter and number into perspective [15]. In our procedures, two, three, or even four
converging cannulated screws were inserted in the TTA group. An additional arthrodesis
of the distal tibiofibular joint as part of the TTCA or TTA also showed no influence on
the results and was carried out in about half of all cases. The clinical impression that
simultaneous arthrodesis of the distal tibiofibular joint has no influence on the fusion rate
of the tibiotalar joint and the further outcome was confirmed by Schlickewei et al. [16].

The interposition of cancellous bone also showed no influence on the data pre-
sented [17,18]. As a rule, there is no need for autologous cancellous bone grafting in
the context of ankle arthrodesis, as confirmed by systematic reviews. As in the present
case, the underlying studies lack a prospective comparison and, in the case of autolo-
gous cancellous bone grafting, an objectifiable representation of the previous bony defect
size [18].

We also found that the mental component summary of SF-12 was the only parameter
that did not show a significant difference (p = 0.369). An obvious explanation for this may
be that patients in whom an additional fusion of the subtalar joint was necessary were
assumed to have an even worse function. In addition, these patients presumably come
from a worse initial function, but this cannot be evaluated on the basis of the available data.
Either way, the results of the mental component summary of SF-12 of the present study
deviate from those of the current literature in patients after TTCA, TTA, and even after
total ankle replacement [10,19–21].

Even though the stated complication rates of 19% for TTCA and TTC remain high,
these results differ considerably from those in the literature of up to a frightening 50% [22–
24]. The complication rate for TTCA is approximately four times higher than that for
TTA (30% vs. 7%, respectively). TTCA should, therefore, be considered with appropriate
restraint. One conceivable explanation would be the higher proportion of smokers in the
TTCA group. In addition, the procedure immanent greater soft tissue damage.

This study had some limitations. First, this was a monocentric study with a retrospec-
tive design and clinical scores and the extent of posttraumatic damage to the tibiotalar and
subtalar joints was not collected preoperatively. This makes it particularly difficult to assess
the choice of implant and the need for cancellous bone grafting. Second, the indication for
TTCA and TTA was presumably influenced by surgeon experience.

5. Conclusions

Based on the present data of significantly worse clinical score results of TTCA com-
pared to TTA, the fourfold complication rate, and the prolonged downtime and possible
permanent incapacity, the indication for a generous subtalar joint arthrodesis with planned
ankle arthrodesis should always be critically examined.
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Abstract: Purpose: Trimalleolar ankle fractures (TAFs) are common traumatic injuries. Studies have
described postoperative clinical outcomes in relation to fracture morphology, but less is known about
foot biomechanics, especially in patients treated for TAFs. The aim of this study was to analyze
segmental foot mobility and joint coupling during the gait of patients after TAF treatment. Methods:
Fifteen patients, surgically treated for TAFs, were recruited. The affected side was compared to their
non-affected side, as well as to a healthy control subject. The Rizzoli foot model was used to quantify
inter-segment joint angles and joint coupling. The stance phase was observed and divided into
sub-phases. Patient-reported outcome measures were evaluated. Results: Patients treated for TAFs
showed a reduced range of motion in the affected ankle during the loading response (3.8 ± 0.9) and
pre-swing phase (12.7 ± 3.5) as compared to their non-affected sides (4.7 ± 1.1 and 16.1 ± 3.1) and the
control subject. The dorsiflexion of the first metatarsophalangeal joint during the pre-swing phase was
reduced (19.0 ± 6.5) when compared to the non-affected side (23.3 ± 8.7). The affected side’s Chopart
joint showed an increased range of motion during the mid-stance (1.3 ± 0.5 vs. 1.1 ± 0.6). Smaller
joint coupling was observed on both the patient-affected and non-affected sides compared to the
controls. Conclusion: This study indicates that the Chopart joint compensates for changes in the ankle
segment after TAF osteosynthesis. Furthermore, reduced joint-coupling was observed. However,
the minimal case numbers and study power limited the effect size of this study. Nevertheless, these
new insights could help to elucidate foot biomechanics in these patients, adjusting rehabilitation
programs, thereby lowering the risk of postoperative long-term complications.

Keywords: coupling analysis; foot segmental motion; trimalleolar ankle fractures

1. Introduction

Ankle fractures are relatively common musculoskeletal injuries with an average in-
cidence of 168.7/100,000/year [1]. The posterior tibia is involved in almost half of the
Weber type B or C ankle fracture dislocations [2]. In most cases, a high-energy trauma is
the primary cause of a trimalleolar ankle fracture (TAF), wherein both the medial, lateral,
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and posterior malleolus are involved. The trauma-mechanism-based Lauge–Hansen classi-
fication has been used for many years in guiding treatment and predicting instability. This
system is built on a comprehensive understanding of trauma mechanism and the interplay
between fracture morphology and ligamentous injury. The open reduction and internal
fixation of the posterior malleolus, via either a posterolateral or posteromedial approach,
is most commonly applied in our center for these fractures [3]. However, there is still
a lack of consensus on whether the fixation of the posterior malleolus is always necessary.
Treatment strategies that take the size and displacement of the posterior fracture fragment
into consideration remain an issue of debate [4–6].

TAFs and subsequent plate osteosynthesis are associated with osteoarthritis, arthro-
fibrosis, and fibro-adhesions (i.e., flexor hallucis longus and peroneal muscles), leading to
restriction in ankle joint mobility [7–10]. Subsequently, alterations in foot joint mobility,
segment coupling (kinematic relationship between adjacent foot segments), and kinetics
(forces acting on the foot joints) during gait may occur as well. It has been theorized that
altered or disrupted coupling mechanisms may contribute to poor functional outcome
scores due to pathological joint contact forces and soft tissue stress [11,12]. Nevertheless,
there is a lack of in vivo dynamic assessments on the foot which specific focus on the
functional outcomes of patients with a history of TAF osteosynthesis. Previous studies that
reported on foot kinematics after the operative treatment of ankle fractures consisted of
heterogeneous groups and used the Oxford foot model, which does not include the midfoot
as a separate segment [13,14].

Therefore, we aimed to measure the segmental foot mobility and joint coupling of
patients with a history of a TAF osteosynthesis. The affected side was compared to the
non-affected contralateral side, as well as with a healthy control group. We hypothesized
a reduction in the affected sides’ hindfoot range of motion (ROM) during the loading
response and the pre-swing of the stance phase, with most distinct changes seen in the
frontal plane and sagittal plane, respectively. Furthermore, we hypothesized a reduced joint
coupling between hindfoot and shank, as well as between the hindfoot and the forefoot.

2. Materials and Methods

Level of Evidence: III.

2.1. Patients

Fifteen patients who sustained a TAF (AO/OTA type B3) and underwent open reduc-
tion and internal fixation were retrospectively recruited. All patients underwent surgery
between 2015 and 2018 at the Trauma Surgery department of the University Hospitals
Leuven. Five patients had a luxation of the tibiotalar joint and two patients had a sublux-
ation of the tibiotalar joint. None of the patient group had an open fracture. Polytrauma
was not included in our study population. In total, 10 of the 15 patients obtained a tem-
porary external fixator awaiting definitive internal fixation. The posterior malleolus and
distal fibula fracture were addressed using plate screw osteosynthesis via a posterolateral
approach, whereas the medial malleolus fracture was fixated using screws via a medial
approach. Standardly one-third tubular plates with the small fragment system screws by
DePuy Synthes™ (Raynham, MA, USA) were used to achieve anatomical reduction and
internal fixation. If deemed necessary by the treating surgeon, variable angle LCP® was uti-
lized in some cases. Additional syndesmotic screw fixation was performed if syndesmotic
instability persisted after osseous fixation. Postoperatively, a fixed protocol was followed,
consisting of immediate passive and active mobilization and toe-touch weight bearing
(<10 kg) for 6 weeks. The control group consisted of 13 healthy subjects that were chosen
at random from an existing database set-up in the same laboratory [6]. We matched a TAF
subject to a control patient of the same gender, similar age, and walking speed to avoid
the influence of confounding factors. An a priori sample size calculation showed that at
least 12 patients and 12 control subjects were required to assure a minimal study power of
80% (β > 0.80). This calculation was based on biomechanical parameters reported in other
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studies, including patients with ankle osteoarthritis or ankle fractures [13,15]. Informed
consent was obtained from all participants and the ethical committee of the University
Hospitals Leuven (S62064) approved the study.

2.2. 3D Gait Analysis

In this study, a 3D gait analysis was performed in the Clinical Motion Analysis
Laboratory of the University Hospitals Leuven Belgium. The analysis was performed
using a multi-segment foot model where reflecting skin-markers were placed according
to the Rizzoli foot model marker placement protocol using double-sided tape [16]. This
multi-segment foot model calculates the 3D rotation between adjacent segments of the
foot and tibia. For reasons of readability, these inter-segment angles will be reported
with respect to their corresponding anatomical joints, i.e., the ankle segment (consisting
of two joint levels: tibiotalar and subtalar), the Chopart joint, the Lisfranc joint, and the
first metatarsophalangeal (MTP 1) joint. Kinematic data were captured with a passive
optoelectronic measurement, including ten infrared cameras (T10, 100 Hz, Vicon Motion
Systems Ltd., Oxford Metrics, UK). For this study, only the stance phase of gait was
considered, which was delineated with initial contact as the start and toe-off as the end. The
measurements were taken on the symptomatic side as well as the asymptomatic side. The
first measurement was taken as a static recording and was used as a reference position. After
this, the dynamic measurements were recorded. The participants were asked to repeatedly
walk along a 10 m walkway at a self-selected speed until five representative trials were
registered. The walkway was instrumented with a force plate (Advanced Mechanical
Technology Inc., 200 Hz, Watertown, MA, USA) in order to determine the gait events such
as the initial contact and the toe-off. A plantar pressure plate (Footscan™, dimensions
0.5 m × 0.4 m, 4096 sensors, 2.8 sensors per cm2, RSscan International, Olen, Belgium) was
placed on top of the force plate. Plantar pressure and force data were synchronized with
a 3D box™ (RSscan International, Olen, Belgium) using an external trigger. These data
were sampled at 200 Hz.

2.3. Data Processing and Analysis

The 3D inter-segment joint angles and joint coupling were calculated for the stance
phase (0–62%) of the gait cycle. The swing phase of gait (63–100%) was not considered.
In-house-made software (ACEPManager, Matlab 2016a, The Mathworks Inc., Natick, MA,
USA) was used to normalize the time of the kinematic data to a 100% stance phase during
the gait events. Kinematic variables of interest were subsequently calculated. We dis-
tinguished 4 sub-phases of the stance phase, i.e., the “loading response” (0–12%), “mid
stance” (13–30%), “terminal stance” (31–50%), and “pre-swing” (51–62%) phases. Kinematic
variables of interest were subsequently determined by calculating the ROM in each sub-
phase. The latter was carried out by calculating the difference between the maximum and
minimum value in the respective sub-phase. Furthermore, the patient-reported outcome
measures, using the ankle–hindfoot scale (AOFAS), the EuroQol health scale (EQ-5D), and
the EQ-5D visual analogue scale (VAS), were evaluated. The AOFAS monitors the progres-
sion of patients after foot and ankle surgery, the EQ-5D records the health state as rated by
the caregiver, and the EQ-5D VAS assumes the individual’s health state valuation [17,18].

2.4. Statistical Analysis

Statistical analysis was performed with SPSS Statistics 27.0 (IBM Corp., New York, NY,
USA). When comparing the affected side to the non-affected side of the same subject, a test
of normality, the Shapiro–Wilk test (α = 0.05), was completed. For the variables that were
not normally distributed, a Wilcoxon signed-rank test (α = 0.05) was used to compare the
samples. The other variables were statistically compared using a paired t-test t (α = 0.05).
A univariate analysis of variance (ANOVA) was used to compare the control group with
the affected group. The same analysis was performed with the inclusion of the BMI as
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a covariate, since the BMIs of the patients were found to be significantly higher than those
in the control group.

To guard against the inflation of a type I error but maintain statistical power across
the multiple comparisons, an adjusted alpha level was applied by dividing the alpha
level by the number of parameters (p = 0.05/4 = 0.0125). Additionally, the effect size was
determined for each difference (Cohen’s d for the t-tests, r for the Wilcoxon tests, and
partial η2 for the ANOVA tests). A large effect size can be interpreted when d ≥ 0.8, r ≥ 0.5,
and η2 ≥ 0.25 [19,20].

To evaluate the level of joint coupling between a number of inter-segment angles,
cross-correlation coefficients were calculated based on the 1D waveforms associated with
the normalized stance phases [21]. The following four joint couplings were analyzed:
ankle inversion–eversion with ankle adduction–abduction, ankle inversion–eversion with
forefoot dorsal flexion–plantar flexion, ankle inversion–eversion with forefoot inversion–
eversion, and ankle inversion–eversion with forefoot adduction–abduction. This selection
was based on a previous publication, which showed the high correlation between these
four inter-segment rotations [22]. When assessing the cross-correlation, the following
benchmarks were used: a large joint coupling >0.7 or <−0.7, a medium joint coupling
between (−) 0.3 and (−) 0.69, and a small joint coupling between −0.3 and 0.3 [22].

3. Results

3.1. Demographics

Demographic characteristics of the patient group and control group are presented in
Table 1. The two groups had a similar age, length, and gender ratio. The walking speed did
not differ significantly between the two groups. The TAF group had a significantly higher
body mass index (BMI) compared to the control group (p < 0.001). The BMI was therefore
considered as a confounding factor when analyzing the kinematic differences between
these two groups. Gait analysis was performed for 29 months after surgery on average.
Five patients were treated with a syndesmotic screw, because insufficient syndesmotic
stability of the distal tibiofibular joint was achieved with the plate osteosynthesis of the
posterior malleolus alone. The mean clinical follow-up lasted 101 weeks (range: 60–171).
Seven of the fifteen patients underwent some kind of implant removal. One patient had
a superficial wound infection after implant removal. One patient developed a chronic
regional pain syndrome (CRPS). No non-unions or mal-unions were reported. Two patients
showed progression towards tibiotalar osteoarthritis on the latest available X-rays.

Table 1. Baseline characteristics of participants.

Patient Group (n = 15) Control Group (n = 13) p

Age (years) 54 (37–68) 47 (33–64) 0.037
Length (cm) 168.5 (151.0–190.3) 171.2 (158.0–193.3)
Body mass (kg) 86.2 (58.6–120.3) 67.9 (54.0–95.0) 0.003
BMI (kg/m2) 30.1 (22.9–37.7) 23.1 (19.5–26.6) <0.001
Gender (male/female) 6/9 6/9
Walking speed (m/s) 1.2 (1.0–1.4) 1.2 (1.0–1.4) 0.914
Months until post-surgical gait analysis 29 (8–49)
Operative characteristics
Side (L/R) 8/7
Posterior plate fixation 15 (100%)
Medial screw fixation 15 (100%)
Fibula plate fixation 15 (100%)
Syndesmotic screw 5 (33.3%)

Continuous variables are expressed as means and ranges and categorical variables are presented as numbers and
percentages. Abbreviations: L, left; R, right.
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3.2. Patient-Reported Outcome Scores

The AOFAS, EQ-5D, and EQ-5D VAS scores are displayed in Table 2 with missing data
for three patients [7]. The patients scored an average of 78 on the AOFAS survey, reflecting
a good outcome after surgery (e.g., 100 = excellent score). For the first domain of the EQ-5D,
mobility, the majority (67%) of the patient group (TAF) had moderate problems. None
of the 12 patients reported self-care problems. The minority of patients (42%) suffered
problems with daily activities, whereas two-thirds of the patients experienced moderate
pain (67%). The presence of depression/anxiety was found to be negligible.

Table 2. Patient-reported outcomes after trimalleolar ankle fracture osteosynthesis.

Patient Group (n = 12)

AOFAS score 78.3 (59.0–100)
EQ-5D score

Mobility
No problems 4 (33.3%)

Moderate problems 8 (66.7%)
Extreme problems /

Self-care
No problems 12 (100%)

Moderate problems /
Extreme problems /

Activities
No problems 7 (58.3%)

Moderate problems 5 (41.7%)
Extreme problems /

Pain/discomfort
No problems 4 (33.3%)

Moderate problems 8 (66.7%)
Extreme problems /

Depression/anxiety
No problems 11 (91.7%)

Moderate problems 1 (8.3%)
Extreme problems /

EQ-5D VAS 81.0 (50.0–100)
Categorical variables are expressed as numbers and percentages. The AOFAS is expressed as the mean and range.
All questionnaires were standardized and tested for reproducibility and validated for the Dutch language. Three
of the fifteen patients did not report their outcome scores. Abbreviations: AOFAS, American Orthopedic Foot and
Ankle Society; EQ-5D, EuroQol 5 dimensions; VAS, visual analog scale.

3.3. ROM Comparisons of the Affected and Contralateral Side in the Patient Group

During the loading response, the ankle segment of the affected side presented a significantly
reduced ROM in the sagittal plane (p < 0.0125, large effect) and a trend towards reduced
frontal plane ROM (p = 0.049, medium effect) (Table 3, Figure 1). Furthermore, the Chopart
joint of the affected foot showed a trend towards reduced frontal plane ROM during the
loading response (p = 0.013) and a trend towards an increased ROM during the midstance
phase (p = 0.03). No significant differences were observed during the terminal stance phase.
During the pre-swing phase, the mean ankle segment sagittal and transverse plane ROM
was significantly reduced (p < 0.0125) in the affected foot, with mean differences of −3.4◦
and −1.4◦ and effect sizes of d = −0.9 (large) and d = −0.5 (medium), respectively.
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Table 3. Patient group ROM of the affected foot and non-affected contralateral sides.

Affected Foot Non-Affected Foot Mean Difference
n = 15 n = 15 [95% CI] p Effect Size

Loading
response Ankle DF/PF 3.8 ± 0.9 4.7 ± 1.1 −0.9 [−1.6; −0.2] 0.010 −0.8

Inv/Eve 2.9 ± 1.5 4.3 ± 1.9 −1.3 [−2.6; 0.0] 0.049 −0.6
Add/Abd 1.3 ± 0.6 2.0 ± 1.2 −0.7 [−1.4; 0.1] 0.079 −0.5

Chopart DF/PF 1.8 ± 1.2 2.0 ± 1.3 −0.2 [−0.7; 0.3] 0.410 −0.2
Inv/Eve 3.4 ± 0.9 4.3 ± 1.3 −0.8 [−1.5; −0.2] 0.013 −0.7

Add/Abd 1.3 ± 0.9 1.2 ± 0.8 0.1 [−0.6; 0.8] 0.594 −0.1
Lisfranc PF/DF 3.6 ± 1.3 3.4 ± 1.5 0.2 [−0.6; 1.0] 0.551 −0.1

Inv/Eve 1.8 ± 1.1 2.0 ± 1.1 −0.1 [−0.7; 0.5] 0.617 −0.1
Add/Abd 2.5 ± 0.9 2.5 ± 1.1 0.0 [−0.7; 0.7] 0.970 −0.0

MTP 1 DF/PF 8.0 ± 3.0 8.8 ± 7.0 −0.8 [−3.6; 1.9] 0.533 −0.2

Mid-stance Ankle DF/PF 5.2 ± 1.4 5.5 ± 1.6 −0.3 [−1.0; 0.3] 0.296 −0.3
Inv/Eve 1.2 ± 0.6 1.6 ± 1.1 −0.4 [−1.1; 0.3] 0.683 −0.1

Add/Abd 1.7 ± 1.3 2.3 ± 1.5 −0.6 [−1.4; 0.2] 0.109 −0.3
Chopart DF/PF 1.9 ± 0.7 2.0 ± 0.7 −0.1 [−0.5; 0.4] 0.707 −0.1

Inv/Eve 1.3 ± 0.5 1.1 ± 0.6 0.3 [0.0; 0.5] 0.030 0.6
Add/Abd 0.7 ± 0.5 0.7 ± 0.4 0.0 [−0.6; 0.6] 0.638 −0.1

Lisfranc DF/PF 1.2 ± 0.7 1.0 ± 0.6 0.2 [−0.4; 0.8] 0.510 0.1
Inv/Eve 0.7 ± 0.5 0.7± 0.3 0.0 [−0.6; 0.6] 0.510 −0.1

Add/Abd 1.1 ± 0.8 0.8 ± 0.6 0.3 [−0.4; 1.0] 0.140 −0.3
MTP 1 DF/PF 4.0 ± 3.5 3.2 ± 2.5 0.8 [−0.1; 1.7] 0.778 −0.1

Terminal
stance Ankle DF/PF 2.6 ± 1.2 2.5 ± 1.4 0.1 [−0.4; 0.7] 0.587 0.1

Inv/Eve 3.6 ± 1.3 3.7 ± 1.4 −0.9 [−0.8; 0.7] 0.815 −0.1
Add/Abd 3.7 ± 1.8 3.9 ± 1.8 −0.2 [−1.0; 0.6] 0.580 −0.1

Chopart DF/PF 5.5 ± 1.5 5.3 ± 1.6 0.2 [−0.6; 1.0] 0.582 0.1
Inv/Eve 3.2 ± 1.2 2.8 ± 1.1 0.5 [−0.1; 1.0] 0.105 0.4

Add/Abd 1.4 ± 0.7 1.3 ± 0.6 0.1 [−0.4; 0.7] 0.592 0.1
Lisfranc DF/PF 3.2 ± 1.3 3.5 ± 1.1 −0.3 [−1.0; 0.4] 0.177 −0.2

Inv/Eve 1.9 ± 0.9 1.9 ± 1.0 0.0 [−0.6; 0.6] 0.992 0.0
Add/Abd 2.6 ± 1.9 2.4 ± 1.4 0.3 [−0.5; 1.1] 0.465 0.2

MTP 1 DF/PF 11.7 ± 4.8 11.7 ± 5.7 −0.1 [−2.3; 2.2] 0.960 −0.0

Pre-swing Ankle DF/PF 12.7 ± 3.5 16.1 ± 3.1 −3.4 [−5.6; −1.3] 0.004 −0.9
Inv/Eve 2.3 ± 1.5 3.0 ± 1.6 −0.7 [−1.5; 0.1] 0.211 −0.2

Add/Abd 2.3 ± 1.5 3.7 ± 2.9 −1.4 [−2.3; −0.5] 0.011 −0.5
Chopart DF/PF 9.5 ± 2.1 9.7 ± 2.6 −0.2 [−1.2; 0.9] 0.750 −0.1

Inv/Eve 3.4 ± 1.8 3.4 ± 1.7 0.0 [−0.9; 0.8] 0.931 −0.0
Add/Abd 3.1 ± 1.6 3.6 ± 2.1 −0.4 [−1.5; 0.7] 0.426 −0.2

Lisfranc DF/PF 4.5 ± 1.8 4.5 ± 1.8 0.0 [−0.8; 0.8] 0.470 −0.1
Inv/Eve 2.1 ± 1.4 2.4 ± 1.7 −0.3 [−1.1; 0.5] 0.820 −0.0

Add/Abd 5.9 ± 2.5 5.8 ± 3.1 0.1 [−1.2; 1.4] 0.836 0.1
MTP 1 DF/PF 19.0 ± 6.5 23.3 ± 8.7 −4.5 [−8.5; −0.4] 0.040 −0.6

p values represent the outcome of the paired t-test (α = 0.05); significance: p < 0.0125; when data were not
normally distributed, the p values represent the outcome of the Wilcoxon test. Effect size represents the Cohen’s d
calculated for the t-test and r-value for the Wilcoxon test. Abbreviations: MTP 1, first metatarsophalangeal joint;
DF/PF, dorsal flexion–plantar flexion (sagittal plane); Inv/Eve, inversion–eversion (frontal plane); Add/Abd,
adduction–abduction (transverse plane).

3.4. Comparison ROM Affected Side in the Patient Group versus Control Group

During the loading response, the transverse plane ankle segment ROM was signif-
icantly (p < 0.0125) lower in the affected side (1.3 ± 0.6) compared to the control group
(3.1 ± 1.1), with a large effect (η2 = 0.37) (Table 4, Figure 1). During the midstance phase,
the affected foot showed a reduced transverse plane ROM at the Chopart joint; hence,
this did not reach a significance level. During the terminal stance phase, the affected
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foot demonstrated a reduced (p = 0.045) sagittal plane ROM at the ankle segment and
an increased ROM in the Chopart joint (p = 0.038).

Figure 1. Kinematic waveforms of the ankle, Chopart, Lisfranc, and MTP 1 joints. Abbreviations: DF,
dorsal flexion; PF, plantar flexion; Inv, inversion; Ev, eversion; Add, adduction; Abd, abduction.

During the pre-swing phase, the affected foot demonstrated a significantly reduced
transverse plane ROM compared to the control group (p = 0.011, medium effect). Moreover,
a clear trend towards reduced ROM was observed in other joints (ankle segment and
Chopart joint) and planes (sagittal and transverse) as well.

29



J. Clin. Med. 2023, 12, 2772

Table 4. ROM of the affected foot versus the control group.

Affected Foot Controls Mean Difference

n = 15 n = 13 [95% CI] p Partial η2

Loading
response Ankle DF/PF 3.8 ± 0.9 5.1 ± 1.6 −1.3 [−2.1; −0.5] 0.096 0.11

Inv/Eve 2.9 ± 1.5 3.9 ± 1.5 −0.9 [−1.7; −0.1] 0.872 0.00
Add/Abd 1.3 ± 0.6 3.1 ± 1.1 −1.8 [−2.5; −1.1] 0.001 0.37

Chopart DF/PF 1.8 ± 1.2 3.1 ± 4.4 −1.3 [−2.2; −0.4] 0.539 0.02
Inv/Eve 3.4 ± 0.9 4.4 ± 2.3 −1.0 [−1.8; −0.2] 0.172 0.07

Add/Abd 1.3 ± 0.9 2.6 ± 2.8 −1.3 [−2.2; −0.4] 0.150 0.08
Lisfranc DF/PF 3.6 ± 1.3 3.6 ± 1.7 0.0 [−0.8; 0.8] 0.378 0.03

Inv/Eve 1.8 ± 1.1 2.3 ± 1.2 −0.4 [−1.2; 0.4] 0.586 0.01
Add/Abd 2.5 ± 0.9 2.3 ± 1.2 0.2 [−0.6; 1.0] 0.647 0.01

MTP 1 DF/PF 8.0 ± 3.0 12.6 ± 10.1 −4.6 [−5.8; −3.4] 0.525 0.02

Midstance Ankle DF/PF 5.2 ± 1.4 6.1 ± 2.0 −1.0 [−1.8; −0.2] 0.167 0.08
Inv/Eve 1.2 ± 0.6 1.2 ± 0.8 0.0 [−0.7; 0.7] 0.520 0.02

Add/Abd 1.7 ± 1.3 1.8 ± 1.0 −0.1 [−0.9; 0.7] 0.960 0.00
Chopart DF/PF 1.9 ± 0.7 2.1 ± 2.0 −0.2 [−1.0; 0.6] 0.227 0.06

Inv/Eve 1.3 ± 0.5 1.1 ± 0.6 0.2 [−0.4; 0.8] 0.469 0.02
Add/Abd 0.7 ± 0.5 1.0 ± 0.5 0.3 [−0.3; 0.9] 0.048 0.15

Lisfranc DF/PF 1.2 ± 0.7 1.5 ± 1.0 0.2 [−0.5; 0.9] 0.274 0.05
Inv/Eve 0.7 ± 0.5 0.7 ± 0.4 0.0 [−0.6; 0.6] 0.841 0.00

Add/Abd 1.1 ± 0.8 1.0 ± 0.6 0.1 [−0.6; 0.8] 0.760 0.00
MTP 1 DF/PF 4.0 ± 3.5 5.5 ± 2.2 −1.5 [−2.5; −0.5] 0.062 0.14

Terminal
stance Ankle DF/PF 2.6 ± 1.2 3.6 ± 1.1 −1.0 [−1.8; −0.2] 0.045 0.15

Inv/Eve 3.6 ± 1.3 3.8 ± 1.2 −0.2 [−1.0; 0.6] 0.765 0.00
Add/Abd 3.7 ± 1.8 4.5 ± 2.5 −0.9 [−1.8; 0.0] 0.633 0.01

Chopart DF/PF 5.5 ± 1.5 3.1 ± 1.3 2.3 [1.5; 3.1] 0.038 0.16
Inv/Eve 3.2 ± 1.2 2.7 ± 1.5 0.6 [−0.2; 1.4] 0.116 0.10

Add/Abd 1.4 ± 0.7 2.1 ± 1.0 −0.6 [−1.3; 0.1] 0.088 0.11
Lisfranc DF/PF 3.2 ± 1.3 3.5 ± 1.3 −0.4 [−1.2; 0.4] 0.828 0.00

Inv/Eve 1.9 ± 0.9 2.3 ± 1.1 −0.3 [−1.0; 0.4] 0.514 0.02
Add/Abd 2.6 ± 1.9 2.5 ± 1.1 0.2 [−0.6; 1.0] 0.137 0.09

MTP 1 DF/PF 11.7 ± 4.8 13.3 ± 5.6 −1.7 [−2.8; −0.6] 0.198 0.07

Pre-swing Ankle DF/PF 12.7 ± 3.5 19.4 ± 6.1 −6.7 [−7.8; −5.6] 0.025 0.19
Inv/Eve 2.3 ± 1.5 2.6 ± 1.5 −0.3 [−1.1; 0.5] 0.334 0.04

Add/Abd 2.3 ± 1.5 4.8 ± 2.6 −2.5 [−3.4; −1.6] 0.011 0.23
Chopart DF/PF 9.5 ± 2.1 12.9 ± 4.1 −3.4 [−4.4; −2.4] 0.033 0.17

Inv/Eve 3.4 ± 1.8 2.8 ± 1.7 0.6 [−0.3; 1.5] 0.969 0.00
Add/Abd 3.1 ± 1.6 5.9 ± 3.2 −2.7 [−3.6; −1.8] 0.028 0.18

Lisfranc DF/PF 4.0 ± 1.8 3.3 ± 2.2 0.8 [−0.1; 1.7] 0.111 0.10
Inv/Eve 2.1 ± 1.4 3.1 ± 1.9 −1.0 [−1.8; −0.2] 0.203 0.06

Add/Abd 5.9 ± 2.5 4.2 ± 1.8 1.7 [0.8; 2.6] 0.060 0.13
MTP 1 DF/PF 19.0 ± 6.6 23.2 ± 11.1 −4.2 [−5.5; −2.9] 0.333 0.04

p values represent the outcomes of the one-way ANOVA test. BMI had no significant effect except a trend towards
significance for Lisfranc Inv/Eve during pre-swing (p = 0.035); significance: p < 0.0125, trend to significance.
Abbreviations: MTP 1, first metatarsophalangeal joint; DF/PF, dorsal flexion–plantar flexion (sagittal plane);
Inv/Eve, inversion–eversion (frontal plane); Add/Abd, adduction–abduction (transverse plane).

3.5. Comparison Joint Coupling for the Three Cohorts

The cross-correlation coefficients showed a small joint coupling for the patient group
in both feet when compared to the control group (Table 5). The largest differences
were seen for the following inter-segment rotations: ankle inversion–eversion with ankle
adduction–abduction, ankle inversion–eversion with forefoot dorsiflexion–plantarflexion,
and ankle inversion–eversion with forefoot inversion–eversion. For these inter-segment
rotations, the patient group showed a medium joint coupling ((−) 0.3 to (−) 0.69) for
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the non-affected and affected side, while the control group showed large joint coupling
(>0.7 or <−0.7).

Table 5. Cross-correlation for all three cohorts.

Contralateral Side Affected Foot Control Group

Ankle
Inv/Eve–Ankle

Add/Abd
0.623 ± 0.3 0.569 ± 0.2 0.873 ± 0.1

Ankle
Inv/Eve–Forefoot

DF/PF
−0.689 ± 0.3 −0.684 ± 0.2 −0.901 ± 0.1

Ankle
Inv/Eve–Forefoot

Inv/Eve
−0.666 ± 0.2 −0.634 ± 0.2 −0.791 ± 0.3

Ankle
Inv/Eve–Forefoot

Add/Abd
−0.118 ± 0.5 −0.135 ± 0.5 −0.147 ± 0.5

Abbreviations: DF/PF, dorsal flexion–plantar flexion (sagittal plane); Inv/Eve, inversion–eversion (frontal plane);
Add/Abd, adduction–abduction (transverse plane).

4. Discussion

In this study, the segmental ROM and coupling of the foot joints were compared
between patients that were operatively treated for a TAF and a control group. Only
two previous studies have reported on foot kinematics after the operative treatment of
ankle fractures. However, the patient cohorts were heterogeneous and the used Oxford foot
model did not include the midfoot as a separate segment [13,14]. Moreover, both studies
investigated coupling among the different segments of the foot.

In our study, we observed a general trend towards reduced ROM and joint coupling
of the affected foot, particularly the ankle segment and midfoot joints. The patient group
presented a mean body mass index corresponding to obesity class I, which is an interesting
finding. From a functional viewpoint, it is reasonable to assume that an elevated BMI can
be considered as a risk factor for moderate and low impact trauma, as frequently seen
in TAFs. Nevertheless, further large-scale population studies are necessary to validate
this assumption.

General information provided by the AOFAS score leads to the conclusion that the
patients included in the population faced moderate pain and mobility problems at the onset
of the investigation. The biomechanical outcome measures quantified here could thus also
be (partly) explained by these patient’ reported outcome measurements.

When comparing the patients’ affected side to the contralateral non-affected side, some
differences were obvious. The changes observed in the ankle segment during the loading
response and the pre-swing phase can be a result of possible arthritis and arthro-fibrosis of
the ankle joint and fibro-adhesions (i.e., muscle adhesions) due to surgery, which all affect
ankle joint mobility [7–10]. Additionally, the involvement of pain at the affected foot may
also contribute to the reduced ROM seen during the loading response and the pre-swing
phase. The reduced ROM during the pre-swing phase may originate from the weakness of
the calf muscles on the one hand, but could also be associated with a (mal)adaptive strategy
of the patient in order to avoid peak loading in the posterior part of the ankle joint.

The Chopart joint of the affected foot had a significantly reduced ROM in the frontal
plane during the loading response. A similar observation has been reported by Eerdekens
et al. in patients with ankle osteoarthritis. This tibiotalar stiffness leads to the conclusion
that this reduced motion is possibly associated with co-contraction and a more cautious
walking strategy [23].

During the pre-swing phase, the MTP 1 joint of the affected foot showed a reduced
ROM (mainly dorsal flexion) (Table 3 and Figure 1). This restriction may consequently be
caused by muscle adhesions (fibro-adhesions) of the flexor hallucis longus muscle due to
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posterior plate osteosynthesis. However, from a functional viewpoint, this finding may
also highlight a suboptimal usage of the “windlass mechanism” during propulsion, which
in turn may affect the physiological joint coupling among the joints of the foot [24].

When comparing the affected foot of the patient group to the control group, a signifi-
cant reduced transverse plane ankle ROM was quantified during the loading response. The
latter observation explains the medium joint coupling observed between ankle inversion–
eversion and adduction–abduction. Potential causes for this medium joint coupling may
be due to arthro-fibrosis and fibro-adhesions at the posterior aspect of the ankle, the pres-
ence of co-contraction of extrinsic foot muscles, or alterations in foot placement during
initial contact.

Differences in the ROM were also observed in the ankle segment and Chopart joint
during the midstance, terminal stance, and pre-swing phases. Therefore, it can be con-
cluded that there is less plantar flexion during propulsion in these joints (Figure 1) and the
hindfoot tends to maintain a more abducted position. A similar observation was reported
in the previous study of van Hoeve et al. [13]. Such a reduced plantar flexion was also
observed when comparing the affected foot with the unaffected foot, which seems to point
towards the presence of weakness of the calf muscles on the one hand or the presence of
a (mal)adaptive strategy, avoiding any peak loading in the posterior aspect of the talus and
posterior malleolus.

In the current study, small joint coupling was observed in the affected foot. One may
hypothesize that this could be caused by perturbed neuromuscular control, proprioception,
or the presence of arthro-fibrosis and muscle adhesions at the posterior aspect of the ankle.
Despite the fact that these assumptions are realistic and logic, it should be recognized that
a similar level of joint coupling was observed in the non-affected side of the patient group.
This was an unexpected finding in the study and raises two new hypotheses. The first
concerns whether the unaffected limb adopts a (mal)adaptive movement pattern to strive
for gait symmetry. This adaptation is also seen in the knee after ACL reconstruction, where
kinematic differences between the ACL-reconstructed limb and contralateral unaffected
limb decrease over time because of alterations in both limbs [25]. A second hypothesis
proposes that this smaller joint coupling was a pre-existing biomechanical phenomenon
prior to the ankle trauma and that, together with the increased body mass, it can be
considered as a risk factor for the development of ankle fractures. Further research is
needed validate to validate or reject this hypothesis.

The postoperative rehabilitation for patients treated for a TAF needs to place emphasis
on regaining full ankle joint mobility with passive and active exercises, as well as early
protective weight bearing. Full plantar flexion mobility should be highlighted and trans-
ferred into the gait pattern, with a focus on the pre-swing phase. Gait training is thereby
an important aspect of rehabilitation. Previous studies have concluded that early postop-
erative mobilization and weight bearing is safe and does not increase the complication
rate in patients treated for ankle fractures [26–28]. Combining these aspects with weight
reduction could lower the risk of developing post-traumatic osteoarthritis. Patients need to
receive a home exercise program so that daily practice is possible and the patient can be
autonomous in their treatment.

An important limitation of the current study is the non-standardized period between
surgery and gait analysis. Within the patient group, the range was between 8 and 49 months
after the operation. The differences in time between both events will influence the collected
data because of dissimilarities in the recovery time. In addition, the low case numbers and
the minimal study power result in limited practical applications. Another limitation is the
condition of barefoot walking when the data were collected. When wearing shoes, the
kinematic data may differ from the data during barefoot walking [29]. Lastly, this study
only observed patients during walking. Therefore, these outcomes are not representable for
more challenging tasks, e.g., running or jumping. It is hypothesized that more complex and
challenging tasks may unravel other biomechanical differences than those reported here.
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5. Conclusions

This study found that patients with a history of a TAF show reduced ROM in the
affected ankle segment during the loading response and the pre-swing phase compared
to their non-affected side and control subject. The affected sides’ Chopart joint showed
increased ROM during midstance to compensate for reduced ankle segment ROM during
loading responses. Finally, small joint coupling was observed in the affected side as well
as the non-affected side compared to the control group. Despite the limited effect size of
our results, the findings of this study emphasize the importance of adequate postoperative
rehabilitation to restore mobility and thereby potentially lower the risk of post-traumatic
osteoarthritis in patients with a history of TAFs.
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Abstract: Traction of the ipsilateral leg is usually required to facilitate fracture reduction while op-
erating both-column acetabular fractures. However, it is challenging to maintain constant traction
manually during the operation. Herein, we surgically treated such injuries while maintaining traction
using an intraoperative limb positioner and investigated the outcomes. This study included 19 pa-
tients with both-column acetabular fractures. Surgery was performed after the patient’s condition
had stabilized, at an average of 10.4 days after injury. The Steinmann pin was transfixed to the
distal femur and connected to a traction stirrup; subsequently, the construct was affixed to the limb
positioner. A manual traction force was applied through the stirrup and maintained with the limb
positioner. Using a modified Stoppa approach combined with the lateral window of the ilioinguinal
approach, the fracture was reduced, and plates were applied. Primary union was achieved in all cases
at an average of 17.3 weeks. The quality of reduction at the final follow-up was found to be excellent,
good, and poor in 10, 8, and 1 patients, respectively. The average Merle d’Aubigné score at the
final follow-up was 16.6. Surgical treatment of both-column acetabular fracture using intraoperative
traction with a limb positioner yields satisfactory radiological and clinical outcomes.

Keywords: acetabular fracture; both-column fracture; intraoperative traction; limb positioner

1. Introduction

Both-column fracture of the acetabulum is relatively common among acetabular
fractures and is mainly caused by high-energy trauma [1,2]. During open reduction and
internal fixation, intraoperative traction of the ipsilateral leg is required in most cases
to facilitate fracture reduction and stabilization. In particular, in acetabular fractures
associated with central dislocation of the femoral head, adequate reduction in the fracture
is challenging without traction. Methods for applying intraoperative traction in pelvic
and acetabular surgery are as follows: taking help from a skilled assistant for manual
traction, using a universal distractor or external fixator, and using an on-table frame [3–6];
however, there is no consensus on an ideal technique [7]. In general, intraoperative traction
is entirely dependent on surgical assistants because it is the simplest and most easily
reproducible method, requiring no special equipment. However, it is not easy for humans
to perform precise and continuous traction with constant force throughout the operation.
Moreover, the surgical assistant can easily be exhausted, and the need for extra operating
room personnel is another drawback.

Limb positioners, which were originally designed for upper extremity surgery and
arthroscopic procedures, have been increasingly used in lower extremity procedures be-
cause they can be easily adjusted intraoperatively [8]. We hypothesized that both-column
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fractures of the acetabulum can also be effectively managed with intraoperative traction
using a limb positioner. Accordingly, we describe our technique, which—to the best of our
knowledge—has not yet been reported in patients with both-column fractures of the acetab-
ulum. This study aimed to report on the novel use of a limb positioner as an intraoperative
reduction aid for both-column fractures of the acetabulum as well as its clinical outcomes.

2. Materials and Methods

Our study included 19 patients, including 10 men and 9 women (mean age, 54 [range,
21–89] years) with both-column fractures of the acetabulum. Notably, the causes of the
injury were traffic accidents and fall from a height in 13 and 6 patients, respectively. Of the
19 patients, 11 (57.8%) had a central dislocation of the femoral head. The average follow-up
period was 30.5 (range, 12–60) months (Table 1). All surgeries were performed by two
experienced surgeons (J.-W.K. and C.-W.O.), and the surgical team usually consisted of one
surgeon and two assistants, sometimes one surgeon and one assistant.

Table 1. Patient’s background and summarized results.

No. Age Sex
Injury

Mechanism
Side CDFH

Operation
Time

(Minutes)

Reduction
Status

(by Matta)

Union
Time

(Months)

Follow-Up
Duration
(Months)

Merle
d’Aubigné

Score
Complication

1 35 M Driver
accident L Yes 150 Excellent 16 40 15

2 66 M Pedestrian
accident R Yes 240 Excellent 18 50 18

3 89 F Fall down L No 200 Good 17 30 18

4 85 M Motorcycle
accident R Yes 180 Good 18 12 15

5 60 F Pedestrian
accident R No 240 Excellent 16 32 15

6 50 F Pedestrian
accident R No 190 Excellent 20 19 18

7 55 M Pedestrian
accident R Yes 200 Good 20 60 15

8 47 M Pedestrian
accident L Yes 250 Excellent 18 49 16

9 21 F Motorcycle
accident R Yes 240 Excellent 15 29 15

10 55 M Fall down L No 180 Good 20 30 17
11 58 M Fall down L No 220 Excellent 18 24 16

12 56 M Pedestrian
accident R Yes 240 Good 18 28 16

13 71 F Pedestrian
accident R No 200 Good 16 23 15 ONFH

14 50 M Fall down R Yes 155 Excellent 16 23 18
15 25 F Fall down R Yes 180 Excellent 18 30 18

16 60 F Driver
accident L No 170 Good 18 26 18

17 31 M Fall down R Yes 240 Excellent 16 34 18

18 64 F Pedestrian
accident R Yes 290 Poor 18 17 15

19 44 F Pedestrian
accident R No 200 Good 13 24 18 Traumatic OA

M: male, F: female, CDFH: Central dislocation of the femoral head, ONFH: Osteonecrosis of the femoral head,
OA: osteoarthritis.

2.1. Operative Technique

1. Preparation

After the induction of general anesthesia, the patient was placed in a supine position on
a radiolucent table. The patient’s both arms were placed on the arm board at 90◦ abduction.
A shoulder support was placed on both axillae with a jelly pad to prevent the patient
from getting pulled down while maintaining longitudinal traction with a limb positioner
(Figure 1). Further, an image intensifier was introduced from the contralateral side.
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Figure 1. After anesthesia, the patient was placed in a supine position with both arms abducted
at 90◦. A shoulder support was placed on both axillae with a jelly pad to prevent the patient from
getting pulled down while maintaining longitudinal traction with a limb positioner.

The entire ipsilateral lower limb was then prepared and freely draped to facilitate the
intraoperative reduction maneuver. Notably, sterile draping was extended proximally to
the subcostal region. A pillow was placed underneath the popliteal fossa for slight flexion
of the hip in order to relax the iliopsoas muscle.

2. Traction with a limb positioner

To insert a pin for traction, the knee was flexed to 30◦ with neutral rotation. Using a
pointed scalpel, a stab incision was made through the skin on the medial side 2–3 finger
breadths above the superior pole of the patella. After placing a 3.2 mm Steinmann pin
on the drill, insertion was made parallel to the joint line from the medial to lateral sides.
Further, after driving the Steinmann pin through the bone and ensuring that the pin had
penetrated the far cortex, another stab incision was made on the overlying skin, coinciding
with the expected exit of the pin. After the Steinmann pin was completely out, the tension
on the skin at the entry and exit points was checked. A small relieving incision was
additionally performed in case of excessive tension.

The Steinmann pin was transfixed and then connected with a traction stirrup and
affixed to the limb positioner (The Spider Limb Positioner, Smith and Nephew®, Andover,
MA, USA). Sterility was assured by first covering the limb positioner with the manufac-
turer’s sterile drape and then proceeding with standard sterile pelvic draping (Figure 2).
Subsequently, sufficient manual traction force was applied through the stirrup, and the
degree of reduction was confirmed using an image intensifier (Figure 3). The stirrup was
then connected to the pneumatic limb positioner and locked while maintaining traction
(Figure 2D and Video S1).
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Figure 2. After transfixing the Steinmann pin in the distal femur, it was connected with a traction
stirrup (A). The Stein-mann pin-traction stirrup construct was affixed to the limb positioner (B).
Sufficient manual traction force was applied through the stirrup (C). The limb positioner was locked
while maintaining traction (D).

Figure 3. Intraoperative image before (A) and after (B) traction.

3. Reduction and fixation

We used a modified Stoppa approach combined with a lateral window of the ilioin-
guinal approach. First, we aimed to reduce the displaced anterior column to the posterior
ilium. A 5.0 mm Schanz screw was inserted in the anterior inferior iliac spine, and the iliac
wing was internally rotated. The elevated anterior column fragment was squeezed out
using a ball spike pusher. A 5–6-hole reconstruction plate or small locking compression
plate was undercontoured and placed at the junction of the fracture line along the pelvic
brim. The distal part of the plate was placed on the free anterior column fragment, and
cortical screws were fixed to the proximal portion of the plate—the stable portion of the
posterior ilium. With the tightening of the screws, the under-bent plate pressed the anterior
column fragment into alignment with the intact ilium. Cortical screws were then fixed into
the distal portion of the plate while exercising caution to avoid pulling the anterior column
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fragment. We also performed reduction and fixation of the iliac wing with a lag screw or
reconstruction plate, if required.

Subsequently, the posterior column was reduced. Notably, as this column was already
almost reduced by ligamentotaxis via traction through the limb positioner in most cases,
only fine adjustment or augmentation was required. The pelvic arm of the collinear
reduction clamp was placed in the lesser sciatic notch from the lateral window of the
ilioinguinal approach. Further, the collinear reduction clamp was assembled with the pelvic
arm and gently squeezed while observing the reduction status via the Stoppa window.
After confirming that the quadrilateral surface was adequately reduced to the anterior
column via direct visualization, a 3.5 mm long lag screw was placed in the direction of the
ischial spine. We made it a rule to place at least two screws for the posterior column fixation.

Finally, a curved 12-hole pelvic reconstruction plate was contoured and applied along
the pelvic brim, from the innominate bone adjacent to the sacroiliac joint to the pubic
tubercle. Remarkably, the plate was introduced from the lateral window of the ilioinguinal
approach in the direction of the distal Stoppa incision. The cranial- and caudal-most screws
were placed to buttress and stabilize the reduced anterior column fragment. An additional
posterior column screw was placed through the plate hole or separately next to the plate
hole if required.

The fixation status was confirmed using an intraoperative image intensifier in the
anteroposterior, iliac wing, and obturator oblique views. If a large posterior wall fragment
was present or the posterior column reduction was unsatisfactory, they were corrected and
stabilized using a separate posterior approach. After completion of all fixations, the traction
was released and a final radiographic assessment was performed before wound closure.

2.2. Postoperative Management and Assessment

Patients were encouraged to sit up within the first 24–48 h after surgery, and active hip
and knee joint motions were advised. Partial weight bearing was allowed with crutches for
8 weeks after the operation, and this progressively increased to full weight bearing after
8 weeks. Further, sequential follow-up radiographs of the anteroposterior, iliac wing, and
obturator oblique views of the pelvis were obtained at regular intervals of 4–8 weeks.

In radiological evaluations, healing rate, time to union, quality of reduction, and
complications were assessed. Based on these findings, the quality of reduction was graded
as excellent, good, fair, and poor according to Matta’s criteria [9]. Moreover, the clinical
results were graded as excellent, good, fair, and poor according to the modified Merle
d’Aubigné scoring system (excellent, 18; good, 15–17; fair, 12–14; poor, <12), which is based
on the assessments of pain, walking, and range of motion.

3. Results

Operative fixation was performed at an average of 10.4 (range, 4–22) days after patients
were appropriately resuscitated and optimized for surgery. Seven patients had multiple
fractures, including spine, forearm, tibial, and ankle fractures. Two patients sustained
various chest traumas, such as flail chest, pneumo-/hemothorax, and multiple rib fractures.
Two patients sustained a liver injury that required emergency intervention.

Overall, 16 of the 19 patients underwent surgery via the anterior approach alone,
whereas three patients required additional posterior fixation through a separate posterior
approach. The mean operation time was 208.6 min (range, 150–290). Primary bone union
was achieved in all cases at an average of 17.3 (range, 15–20) weeks. The quality of reduction
assessed by Matta’s criteria at the final follow-up was excellent, good, and poor in 10, 8, and
1 patients, respectively. Notably, all patients achieved excellent or good functional outcomes
with a median Merle d’Aubigné score of 16.6 (range, 15–18), except for two patients.

These two patients (10.5%) underwent hip arthroplasty at 5 and 11 months postopera-
tively, respectively. One patient had a severe femoral head impaction at the time of injury,
and osteonecrosis of the femoral head, followed by secondary arthritis, was found to be
rapidly progressing. The other patient sustained severe comminution of the acetabular car-
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tilage. Although the postoperative reduction status was relatively satisfactory, joint space
narrowing gradually progressed and osteoarthritis eventually developed with complaints
of severe pain.

Complications caused by continuous traction, such as nerve or vascular damage, pin
site problems, or pressure sore, were not observed in any case.

4. Discussion

Reduction is the first and most important step in acetabular surgery. Intraoperative
traction is essential to neutralize the deforming force that caused the fracture, and it
facilitates the reduction. Various intraoperative traction methods have been described
in the relevant literature, including the use of a surgical assistant to provide intermittent
manual traction, an external fixator, a fracture table, or an on-table frame [7]. A skilled
assistant can apply manual traction, but the assistant can easily be exhausted, and the
need for additional operating room personnel is another drawback. Moreover, a previous
study reported that the major disadvantage of using a radiolucent table is the need for
manual traction; thus, it requires a minimum of two or three assistants [10]. In addition, it
is difficult for a human to apply a constant force throughout the operation. In contrast, the
benefit of using the fracture table is that constant and precise traction can be maintained
indefinitely, although an additional surgical assistant is still required to operate the table.
However, the design of the fracture table limits certain movements of the extremity and
interferes with certain fluoroscopic views [11–13]. Notably, an on-table frame can be used
for this purpose, but force vectors are two-dimensional [5]. Moreover, external fixators
or distractors can be used, although traction is most commonly provided along a single
defined vector in these techniques [3–6]. In contrast, the method described in our study
does not require additional personnel, and the number of assistants can be decreased.
Before using limb positioner traction, our surgical team for a pelvic-acetabular fracture
usually consisted of one surgeon and three assistants, whereas two assistants are sufficient
after using this method. In addition, it is easily adjustable and can be manipulated in
multiple vectors simultaneously. An additional advantage is that the distraction direction,
which facilitates fracture reduction, can be adjusted and maintained and, if necessary, easily
changed during the operation. Similarly, compared with other table attachments that offer
only leg movement, a particular advantage of the limb positioner is that the leg can be
manipulated in rotation and flexion/extension while engaged [7]. In addition to having
complete freedom of leg position when initially applying traction, it is easy to adjust it as
often as preferred. Furthermore, since most centers performing limb surgery are generally
furnished with a limb positioner, it is also considered to be cost effective to use this as a
traction device in this respect.

The Spider Limb Positioner is a pneumatic arm with three fully articulated joints that
uses compressed air or nitrogen to facilitate its static locking mechanisms. It was classically
used for shoulder arthroscopic procedures. The foot pedal allows the surgeon to control
the limb during surgery and is the means by which pressurized air or nitrogen is supplied
to the pneumatic arm. Notably, the foot pedal unlocks the three joints simultaneously,
allowing the repositioning of the limb in an infinite number of positions while maintaining
a sterile field [8]. Additionally, the limb can be connected to and disconnected from the limb
positioner while maintaining a sterile field throughout the procedure. Owing to the limb
positioner’s unique ability to allow infinite positional adjustments in three dimensions, we
aimed to use it for intraoperative traction. Furthermore, the limb positioner can support a
maximum of 22.3 kg (50 lbs) [8], which is believed to provide sufficient strength for traction.

In a previous study of both-column acetabular fracture, the hip joint was congruent in
94.7% after surgery, which is comparable to our result [2]. However, they experienced 8.9%
of iatrogenic nerve injuries and 60.7% of patients had the mean Merle d’Aubigné score of 15,
and 25.8% of the patients diagnosed a joint failure, which is somewhat inferior to ours. The
operation time in the current study was also relatively shorter than described in previous
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studies [2,14,15]. It is believed that this is because the operation can be performed while
maintaining stable traction with the limb positioner, without repetitive actions for reduction.

To the best of our knowledge, no case series has described the use of a limb positioner
as a reduction tool with clinical and radiological outcomes in both-column fractures of
the acetabulum with adequate follow-up, although a previous case report described the
technique of lateral traction for reduction of the medialized femoral head using a limb
positioner [7]. Although intraoperative traction using a limb positioner may not have a
significant effect on the clinical and radiological outcome, it is considered to be true that
the surgical procedure can be convenient and efficient.

This study has some limitations. First, the study used a retrospective design and a
small cohort size. Second, the unconventional use of a limb positioner for traction purposes
is not authorized. However, considering that this is a novel attempt to introduce the limb
positioner in acetabular fracture surgery, we believe that it deserves attention as it can
provide acetabular surgeons with a new reliable traction technique. In addition, this can
be a reasonable and safe alternative technique to maintain intraoperative traction when
operating both-column fractures of the acetabulum.

5. Conclusions

Surgical treatment of both-column fractures of the acetabulum using intraoperative
adjustable traction with a limb positioner is considered an effective and safe method because
it allows continuous traction with constant force throughout the surgery and without any
traction-related complications. It also helps to reduce and stabilize the fracture, reduces
the number of required operating room personnel, and yields favorable radiologic and
functional outcomes.
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Abstract: Correction of rotational malalignments caused by fractures is essential as it may cause
pain and gait disturbances. This study evaluated the intraoperative use of a smartphone application
(SP app) to measure the extent of corrective rotation in patients treated using minimally invasive
derotational osteotomy. Intraoperatively, two parallel 5 mm Schanz pins were placed above and below
the fractured/injured site, and derotation was performed manually after percutaneous osteotomy.
A protractor SP app was used intraoperatively to measure the angle between the two Schanz pins
(angle-SP). Intramedullary nailing or minimally invasive plate osteosynthesis was performed after
derotation, and computerized tomography (CT) scans were used to assess the angle of correction
postoperatively (angle-CT). The accuracy of rotational correction was assessed by comparing angle-
SP and angle-CT. The mean preoperative rotational difference observed was 22.1◦, while the mean
angle-SP and angle-CT were 21.6◦ and 21.3◦, respectively. A significant positive correlation between
angle-SP and angle-CT was observed, and 18 out of 19 patients exhibited complete healing within
17.7 weeks (1 patient exhibited nonunion). These findings suggest that using an SP app during
minimally invasive derotational osteotomy can result in accurate correction of malrotation of long
bones in a reproducible manner. Therefore, SP technology with integrated gyroscope function
represents a suitable alternative for determination of the magnitude of rotational correction when
performing corrective osteotomy.
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1. Introduction

Intramedullary (IM) nailing and minimally invasive plate osteosynthesis (MIPO) are
the most commonly used treatment measures for diaphyseal and metaphyseal fractures of
long bones, respectively [1,2]. These closed-reduction surgical techniques provide better
treatment outcomes (e.g., excellent fracture healing and rapid patient recovery) compared
to open reduction with internal fixation, as they require smaller incisions and minimal
soft tissue dissection. Malrotation, a common complication of IM nailing or MIPO, is
often overlooked in comparison to angular deformities of the coronal and sagittal planes.
Postoperative malrotations exceeding 10◦ have been observed in 50% of patients with
femoral and tibial fractures [3–6], and restoration of the alignment is essential as abnormal
loading may lead to pain, instability, and early degeneration [7].

Although challenging, a variety of osteotomy procedures have been used previously
for the correction of rotational malalignment. During open osteotomy, the surgeon marks
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reference lines over the bone and/or uses angle templates to visually determine the desired
correction intraoperatively [8]. This traditional technique can disturb bone healing and
increase blood loss through extensile exposure, and this risk can be decreased by using
minimally invasive corrective osteotomy techniques with fluoroscopic guidance [9,10].
Although intraoperative C-arm images have been used for objective measurement of the
lesser trochanter profile, cortical step sign, and diameter difference sign [11,12], visual fluo-
roscopic estimation may prove to be imprecise when determining the angle of rotation [13].

Although the gyroscopic function of smartphone (SP) technology has previously been
used to measure angles in bone models simulating rotational deformities [14,15], there is
limited evidence of its efficacy in measuring the rotational angle during surgical corrective
osteotomy. Therefore, in the current study, a consecutive series of derotational osteotomies
were performed using an SP application (SP app) intraoperatively, and a comparison of
the desired angle, measured using the SP app, and the corrected angle, measured using a
postoperative CT scan, was carried out. The hypothesis being tested was that the proposed
osteotomy technique using an SP app would achieve accurate correction of rotational
deformity in a reproducible manner.

2. Materials and Methods

This study was approved by the ethics committee of the institute, and informed
consent was collected from all participants prior to commencement of this study and
after provision of relevant verbal and written information. Patients diagnosed with malu-
nion/nonunion and rotational malalignment secondary to surgical intervention for femoral
or tibial fractures were selected to undergo the proposed procedure. A thorough evaluation
of the diagnosis was carried out to identify any additional requirements during the surgical
procedure.

The indication is based on symptoms and clinical and radiological evaluation. No
clear indications for surgical correction are reported in the literature. Patients were included
if they met any of the following criteria:

1. Malrotation of more than 15 degrees after fracture surgery;
2. Malrotation greater than 10 degrees in nonunion patients;
3. Among patients with malrotation of more than 15 degrees and symptomatic patellofe-

moral malalignment interfering with daily life.

Patients were excluded if the patient refused additional surgery or had asymptomatic
malrotation.

In addition to standard radiographic evaluation, all patients underwent preoperative
computerized tomography (CT) scans to allow accurate identification of anatomical de-
formities. Femoral torsion was determined by measuring the angle between the long axis
of the femoral neck and a line drawn parallel to the dorsal aspect of the femoral condyles
on an axial CT image [16] (Figure 1). Tibial torsion was defined as the angle between the
posterior tibial axis of the proximal tibia and the bimalleolar axis of the distal tibia on an
axial CT image [17]. The difference in the angle of rotational alignment of the affected and
contralateral unaffected limbs was calculated.

2.1. Surgical Technique

Preoperative evaluation included calculation of the required angulation of rotational
correction and identification of any additional deformities. The surgical plan included
derotational osteotomy at the previously fractured area and use of either an IM nail or plate
for fixation, selected based on the anatomical location of the pre-existing implant.

During surgery, the patient was placed in a supine or lateral position on a radiolu-
cent table, and their whole lower extremity was draped. Prior to commencement of the
osteotomy, two parallel 5 mm Schanz pins were carefully placed above and below the
previous fracture such that they did not interfere with the pre-existing or new implants
(nail or plate) to allow accurate measurement of the correction (Figure 2).
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Figure 1. (A) Preoperative anteroposterior and lateral radiographs showing nonunion after retrograde
nailing; (B) CT scan showing an evident difference in the femoral torsional angle between the affected
and unaffected sides; (C) externally rotated foot on the right side indicating retroversion of the femur.

 

Figure 2. (A,B) Two parallel Schanz pins placed above and below the nonunion without interfering
with the nail; (C) internal rotation of the distal segment after removal of the previous nail; (D) the
smartphone application measured a 22◦ correction.

Thereafter, the pre-existing implant placed during the earlier osteosynthesis was
removed, and in patients with nonunion or malunion, percutaneous osteotomy was per-
formed at the planned site. Minimally invasive osteotomy was performed using a 1–2 cm
incision and multiaxial drilling with C-arm control, and the final procedure was completed
by connecting the multiple drill holes using a half-inch osteotome (Figure 3). In patients
with postoperative malalignment, the proximal or distal fixation was disassembled without
removing the full implant (Figures 4–9).

After reaming the medullary canal, a new IM nail was inserted, and derotation was
carried out by manually rotating the distal part of the limb. The extent of rotation was
estimated by measuring the angle between the two Schanz pins. The intraoperative angle
of correction was measured by an assistant standing at the end of the table using a free
protractor SP app (angle-SP). The corrective osteotomy aimed to achieve an angle of
correction equivalent to the rotational alignment of the contralateral side, determined using
a preoperative CT scan. A maximum difference of 5◦ between the measured and target
values was considered acceptable. Distal fixation was then performed while maintaining
the rotational correction, and the Schanz pins were removed. Clinical examination was
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performed after removal of the drapes to confirm rotational correction, and the patient was
then sent to the recovery room.

 

Figure 3. (A) Postoperative radiographs showing antegrade nailing with bone graft at the nonunion
site; (B) CT scan showing similar angles of anteversion; (C) similar rotation in foot position;
(D) complete healing observed 1 year postoperatively.

 
Figure 4. (A) An 11-year-old male patient diagnosed with a femoral-shaft fracture; (B) IM nailing
was carried out; (C) postoperative CT scan showing the decreased angle of anteversion compared
with the noninjured side.
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Figure 5. (A,B) Parallel Schanz pins placed in the proximal and distal femur; (C,D) internal rotation
of the distal segment after removal of the distal interlocking screws; (E) the smartphone application
measured a 20◦ correction.

 
Figure 6. (A) Postoperative radiographs showing revised fixation of distal interlocking; (B) CT scan
showing similar angles of anteversion; (C) complete healing observed 6 months postoperatively.

2.2. Smart Phone Application

The SP application (SP app) used in this study was the Smart Protractor application
(Smart Tools Co., Dae-gu, South Korea). Measurement with the SP app is obtained by
positioning a virtual protractor, visible on the SP screen, on photography obtained using
the SP camera. The assistant takes a photo of the Schanz pins, saves it, measures the angles,
and observes the value. The picture should be taken with the camera positioned along
the imaginary line between two pins. After the photo has been taken and saved, two red
lines appear on the screen. The lines can be dragged across the screen to place the virtual
goniometer on the axis of the Schanz pins, finely adjusting them until the goniometer
is positioned correctly. Pictures judged subjectively wrong by the surgeon because of a
perspective error can be deleted. The angle-SP measurement was repeated three times, and
the average value was determined.
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Figure 7. (A) A 15-year-old girl with a tibia shaft fracture; (B) minimally invasive plate osteosynthesis
was carried out; (C) postoperative CT scan showing a moderate difference (over 16 degrees) in
rotation compared with the noninjured side.

 

Figure 8. (A,B) Parallel Schanz pins placed in the proximal and distal tibia; (C) screws were removed
at the proximal segment; (D) external rotation of the distal segment and the smartphone application
measured about 14◦ correction; (E) screws were fixed at the proximal segment; (F) postoperative
radiographs showing the improved alignment after revision procedure.

2.3. Postoperative Care and Evaluation

Postsurgical clinical evaluation of rotational correction involved comparison of foot
rotation and internal and external rotation of the hip joint between the affected and unaf-
fected limbs while the patient was still in the supine position on the table. Based on the
patient’s level of tolerance, range of motion was resumed slowly, and all patients were
allowed use of partial weight-bearing crutches.

Postoperative CT scans were used to compare the angles (angle-CT), and a maximum
difference of 5◦ was considered acceptable. The correlation between angle-SP (measured
intraoperatively with the SP app) and angle-CT (measured postoperatively using a CT
scan) was assessed.

Clinical follow-up was carried out 1, 2, and 3 months postoperatively, and every
3 months thereafter until bone union was achieved. Radiographic evaluation was carried
out at each visit, and bone union was defined as the presence of an appropriate bridging
callus and resolution of persistent fracture lines in at least 3 out of 4 radiographic views.
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All patient radiographs were assessed by two independent board-certified orthopedic
surgeons.

 

Figure 9. (A) Postoperative CT scan showing similar angles of rotation; (B,C) complete healing with
the similar alignment of lower leg was observed 1 year postoperatively.

2.4. Statistical Analysis

Paired t-test and Pearson’s correlation coefficient tests were used to compare the angle-
SP and angle-CT, and all statistical analyses were performed using the IBM SPSS software,
version 19.0 (IBM Co., Armonk, NY, USA). A p-value < 0.05 was considered statistically
significant.

3. Results

Between March 2013 and February 2021, of the 31 identified patients who underwent
derotational osteotomy in the femur or tibia, 19 patients treated with minimally invasive
osteotomy with the SP app were included. Among 19 cases (17 cases of the femur, 2 cases
of the tibia), 17 cases were treated using IM nailing, and 2 cases using MIPO. All patients
had a minimum follow-up of 1 year. The mean age of the patients at the time of surgery
was 37.9 years (range: 11–77 years).

Four patients were diagnosed with acute postoperative malalignment, 15 patients
with late manifestation (nonunion n = 12; malunion, n = 3), 11 patients with externally
rotated deformities, and 8 patients with internally rotated deformities. Preoperative CT
scans showed a mean difference of 22.3◦ (range: 11.2◦–38.3◦) in rotational angle. Among
those exhibiting nonunion, four patients presented with additional angular malalignments
that were simultaneously corrected. Fixation was carried out using IM and MIPO in 17 and
2 patients, respectively, and additional bone grafting was carried out in 8 patients. Sixteen
patients were operated on in the supine position, while three were in the lateral position.

The mean intraoperative angle-SP was 21.6◦ (range: 10.2◦–36.1◦), while the postop-
erative angle-CT was 21.3◦ (range: 13.9◦–39.2◦). The mean difference in angle of rotation
was 2.3◦, and the variations in value were within the accepted range of 5◦ (range: −4.2◦ to
+4.8◦). A statistically significant positive correlation between angle-SP and angle-CT was
observed (Pearson’s correlation coefficient r = 0.972; p-value = <0.001).

The mean duration of healing was 17.7 weeks (range: 12–24 weeks) in 18 out of
19 patients, and all of them exhibited acceptable improvement in gait with symmetric
angles of foot progression. One patient exhibited nonunion requiring a secondary bone
graft, while three patients presented with minor complications related to the Schanz pins
(bent pin n = 2; broken pin, n = 1), which likely occurred during manual derotational
correction. None of the patients developed any infections (Table 1).
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4. Discussion

Rotational osteotomy is a commonly used surgical treatment measure for the cor-
rection of malalignment caused by congenital, developmental, or posttraumatic factors.
Techniques involving intraoperative fluoroscopic imaging have been used to ensure accu-
rate correction, particularly along the coronal and sagittal planes. However, no reliable
methods of assessing the intraoperative rotational alignment of the lower limbs have been
reported to date. SP technology has been used previously in various orthopedic surg-
eries [18,19], with experimental studies examining its accuracy in the measurement of
rotational deformities [14,15]. The findings were largely similar to those obtained using
CT scanning with markers placed over artificial bones without any soft tissue coverage.
However, angle measurement may be simpler in saw bone models as the markers are
clearly visible, and this is in contrast to actual bony tissues in the extremities, which are
typically enveloped by muscle and soft tissues that can interfere with visualization of the
markers and prevent accurate measurement of angles. The findings of this study showed a
strong correlation between angle-SP and postoperative angle-CT and, to the best of our
knowledge, this is the first clinical series to examine derotational osteotomy and report
accurate intraoperative measurement of correction using an SP app with an integrated
gyroscope. Therefore, SP-assisted derotational osteotomy may be considered a suitable
alternative for traditional osteotomies using open measuring.

Several fixation techniques for acute fractures also use fluoroscopic imaging to accu-
rately measure rotation intraoperatively. They typically use anatomical landmarks (such
as the lesser trochanter profile, patellar and fibular position, and native femoral torsion of
the hip compared to the posterior femoral condylar plane) on the contralateral unaffected
extremity as a template [20–22]. While these methods are also applicable in corrective
osteotomy, variations in local anatomy may raise uncertainty regarding the accuracy of
techniques based on visual estimation [23]. High rates of malrotation have been reported in
patients with highly comminuted fractures, pre-existing anatomical deformities, or bilateral
injuries [3,5]. Another limitation of techniques using fluoroscopy is the additional operative
time required. Intraoperative use of mobile CT scanning [24,25] or computer navigation [26]
is considered an ideal method for assessment of rotation, although their use is limited
because of high associated costs, increased radiation exposure, and logistical issues in the
operating room. In comparison, the proposed technique using an SP app measures the
angle of rotation intuitively in real-time, is more economically viable, minimizes radiation
exposure, and is also logistically convenient.

A recently introduced innovative surgical technique that corrects femoral malrotation
using 3D printing technology [27] has the advantage of using customized cutting guides
that allow accurate estimation of the angle of correction of malrotation. Additionally, it
also requires shorter operating time and less radiation exposure. However, this technique
requires a considerably invasive surgical approach as the 3D printed guides must be fixed
proximal and distal to the osteotomy site, thus increasing the risk of blood loss, infection,
and disturbed bone healing. Therefore, this technique may be unsuitable for the correction
of postsurgical malalignment where the exposure of the previous fracture is unnecessary. In
comparison, the proposed technique using SP app-assisted measurement requires minimal
surgical exposure for percutaneous osteotomy and can even be carried out without opening
the fracture site. Therefore, it allows for a less invasive approach, consequently reducing
surgical morbidity and risk of infection. Additionally, it can also promote bone healing,
as it allows preservation of the periosteal blood supply and the surrounding soft tissue.
In the current study, 18 out of 19 patients exhibited primary bone healing without any
infectious complications. Therefore, we believe that the proposed technique for derotational
osteotomy sufficiently meets the requirement of minimal invasiveness.

Precise intraoperative measurement of the angle of derotation is important as it con-
tributes to the functional outcomes after corrective osteotomy. Care should be taken to
place markers during the procedure in order to allow accurate measurement of this param-
eter. After osteotomy, intraoperative measurement of the angle between the two markers
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is essential. A previous study examining version abnormalities of the femur used flat
triangular osteotomy templates to estimate the angle between the markers visually [9].
However, its measurement may be rough and inaccurate, since the angles of triangles
cannot match the different amount of the rotational malalignment. Although a sterilized
goniometer may also be considered a suitable alternative, direct measurement may not
be easy based on the distance between the markers. In comparison, the SP app can act
as a customized alternative of the virtual goniometer that can determine the magnitude
of rotational deformity precisely. This clinical trial showed a maximum difference of <5◦
between the affected and unaffected sides, suggesting that the use of a contemporary SP
app is likely to achieve accuracy of measurement during derotational osteotomy.

Various operative techniques for correcting rotational deformities have been described
in the literature. The conventional method is open exposure at the deformity level [28,29].
The correction angle is planned on preoperative CT scans and intraoperatively marked on
the bone with Kirschner wires or Schanz screws. Subsequently, a transverse osteotomy and
derotation are performed [28]. In our study, minimally invasive derotational osteotomy
was carried out. This technique allows closed osteotomy without stripping the surrounding
soft tissues, reducing surgical morbidity and risk of infection. The periosteum is left intact,
which improves callus formation and bone healing. However, it is difficult to perform
accurate angle correction, and there are disadvantages in that radiation exposure and
intraoperative time increase. The proposed SP app technique can intuitively measure the
rotation angle in real time and precisely determine the rotational deformity’s magnitude.
So, it can minimize radiation exposure and also decrease intraoperative time. However, the
minimally invasive technique may be technically challenging surgery and requires a steep
learning curve.

This study had several limitations, including a small sample size and no comparator
groups. Future studies with a larger number of patients and appropriate comparison
groups treated using other methods are necessary to confirm the efficacy of using the
SP app for this purpose. This is the first study to carry out a large series of derotational
osteotomies for the treatment of posttraumatic malalignments only. However, there are
several factors that may affect the accuracy of measurement when using this technique.
Firstly, errors may occur if the height and direction of the SP are not parallel to the two
markers, emphasizing the need to ensure that the camera is placed on an imaginary line
that is parallel to the markers when measuring. Secondly, errors may also occur if the
markers are bent, with three patients in the current study exhibiting Schanz pins that
were bent or broken during manual derotation. In such cases, reinsertion of the markers
is essential if the fault is detected prior to measurement, and rotation of the distal limb
should be carried out without holding the markers. Thirdly, loss of derotation during distal
fixation of the implant can lead to over or undercorrection. An innovative technique using
electromagnetic tracking (EMT) to monitor the angle of derotation continuously during
surgery has been proposed previously [30]. However, this method is technically difficult
and requires sterilization of specific parts (sensors or pointers) prior to use in the surgical
setting. In comparison, the SP app does not require any complex equipment, and also offers
minimal discrepancies between intraoperative derotation and postoperative results.

5. Conclusions

In conclusion, the SP app allows precise assessment of intraoperative angles during
derotation osteotomy. SP app may help the newly introduced minimally invasive dero-
tational osteotomy. It is a reliable and reproducible procedure to predict accurate angle
measurement and produce excellent bone healing and function.
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Abstract: Background: Investigating the relationship between functional capacity and psychological
readiness is of paramount importance when planning sport resumption following knee surgery.
The aim of this study was to prospectively assess clinical and functional outcomes in athletes
6 months after primary anterior cruciate ligament (ACL) reconstruction and to evaluate whether
jumping ability is related to psychological readiness to return to sport following ACL surgery.
Methods: Patients who underwent ACL reconstruction were prospectively enrolled and evaluated
pre-operatively and 6 months after surgery. Assessment included Lysholm score, International Knee
Documentation Committee (IKDC) Subjective Knee Form, Tegner activity level, and the ACL–Return
to Sport after Injury (ACL-RSI) scale. Jumping ability was instrumentally assessed by an infrared
optical acquisition system using a test battery including mono- and bipodalic vertical jump and a
side hop test. Patients were dichotomized by ACL-RSI into two groups: group A (ACL-RSI > 60), and
group B (ACL-RSI < 60). Results: Overall, 29 males and two females from the original study group of
37 patients (84%) were available for clinical evaluation. Mean age at surgery was 34.2 years (SD 11.3).
Mean body mass index (BMI) was 25.4 (SD 3.7). Mean overall Lysholm, IKDC, and ACL-RSI scores
increased from pre-operatively (p < 0.001). No differences in Tegner score were reported (p = 0.161).
Similarly, improvement in most variables regarding jumping ability were observed at follow-up
(p < 0.05). According to ACL-RSI, 20 subjects were allocated in group A (ACL-RSI > 60), while 11
were allocated in group B (ACL-RSI < 60). A statistically significant difference in favor of patients
in group A was recorded for the post-operative Lysholm and Tegner score, as well as Side Hop test
LSI level (p < 0.05), while a trend for IKDC was observed without statistical significance (p = 0.065).
Conclusions: Patients with higher values of ACL-RSI scores showed better functional and clinical
outcomes as well as improved performance 6 months after ACL reconstruction

Keywords: anterior cruciate ligament; ACL reconstruction; return to sports; ACL-RSI; psychological
readiness; vertical jump

1. Introduction

The treatment of anterior cruciate ligament (ACL) rupture in the physically active
population is often surgical. Patients treated with ACL reconstruction usually aim to return
to sport activities they practiced before injury [1–3].

However, a significant number of patients ranging between 37% and 56% are not able
to return to sport at pre-injury level [4]. Reasons for that include the persistence of knee
strength and neuromuscular deficits, kinesiophobia, and fear of re-injury [5]. Increased
risks of re-rupture have been reported within the first two years after surgery, especially in
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the youngest patients [6,7]. For these reasons, in an attempt to reduce risk factors and to
determine the appropriate timing for resuming sports activities, test batteries have been
developed. These include but are not limited to jumping abilities assessment, strength tests,
and psychological readiness scoring systems [8–11]. Tests measuring muscular power and
reactivity through vertical jump are demonstrated to be reliable instruments and useful
predictors for the return to sports [11,12]. Horizontal hop tests have been widely adopted
to detect functional asymmetries between limbs [13,14], although their usefulness has
been questioned as they are demonstrated to overestimate the involved limb’s function
following ACL surgery [15,16]. Investigating the relationship between functional capacity
and psychological readiness is of paramount importance when planning sport resumption
following ACL reconstruction [9]. Therefore, vertical jump tests have been advocated to
better analyze knee biomechanics, thus identifying lower limb asymmetries more accurately,
and give a more reliable prediction on the return-to-sport ability [11].

The ACL–Return to Sport after Injury scale (ACL-RSI) is considered a reliable tool
to assess psychological readiness to return to sport after ACL surgery [17,18]. It has
been demonstrated that patients with lower ACL-RSI scores are at higher risk for ACL
re-rupture [19], and recently much emphasis is given to the recovery of psychological re-
sponses as a criterion used to clear athletes to return to sport following ACL reconstruction.

The aim of this study was to prospectively assess outcomes of athletes who had under-
gone primary ACL reconstruction at 6 months after surgery, and to evaluate whether psy-
chological readiness affects functional and clinical results as well as jumping ability. The hy-
pothesis was that athletes’ psychological readiness is strictly related to
jumping performance.

2. Materials and Methods

2.1. Patient Recruitment

From January 2021 to the end of December 2021, 37 consecutive patients who under-
went ACL reconstruction at the Department of Sport Traumatology and Minimally Invasive
Surgery of our Institution were prospectively enrolled and evaluated pre-operatively and
6 months after surgery. Diagnosis was done with clinical examination and knee magnetic
resonance imaging, and further verified arthroscopically. All surgeries were performed by
the same senior surgeon.

Inclusion criteria were: primary unilateral ACL reconstruction; age ≥ 18 years and
≤45 years at surgery; time from injury to surgery ≥ 2 weeks and ≤12 months; participation
in sporting activity; same postoperative rehabilitation protocol. Exclusion criteria were:
past history of ligamental surgery on the same or contralateral knee; concomitant surgical
procedures with the exception of treatment for meniscal pathology; pregnancy; inability to
complete clinical and functional testing.

The study received Institutional Review Board approval (IRB number: 57/INT/2020,
released from IRCCS San Raffaele Hospital, Milan, Italy). All participants signed
informed consent.

2.2. Surgical Technique and Rehabilitation Protocol

All patients underwent arthroscopic-assisted ACL reconstruction using doubled autol-
ogous hamstring graft [6]. Tibial tunnel was drilled using a 55◦ guide (Acufex; Smith &
Nephew, Andover, MA, USA) using as reference the posterior cruciate ligament, while the
femoral half-tunnel was prepared either through the medial portal or with a trans-tibial
technique. Fixation was achieved proximally with a cortical suspension device (Retrobut-
ton; Arthrex Inc., Naples, FL, USA) and distally through a bioadsorbable interference screw
(Milagro; DePuy Mitek, Raynham, MA, USA). A brace-free rehabilitation protocol starting
the day after surgery was adopted in all patients, with immediate regaining of extension,
isometric exercises, and walking with crutches with partial weight bearing for the first
3 weeks. Swimming and indoor cycling were allowed after 12 weeks, while after 5 months
a protocol of jump technique training and plyometric exercises was started.
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2.3. Follow-Up Assessment

Assessment included Lysholm score, International Knee Documentation Committee
(IKDC) Subjective Knee Form, Tegner activity level, and ACL-RSI scale. The Lysholm score
is a 100-point maximum subjective questionnaire developed to evaluate knee functional
status after ACL surgery [20]. The IKDC subjective score is a clinical questionnaire that
assesses the functional status of the knee ranging from 0 to 100, with 100 indicating no
limitations [21]. The Tegner activity scale is designed to grade patient’s activity level based
on work and sports activities from 0 (lowest level) to 10 [22]. ACL-RSI is a previously
validated 12-item questionnaire that allows evaluating psychological readiness to return to
sport following ACL injury or surgery on a scale from 0 to 100. The Italian version of the
ACL-RSI used in the present study showed excellent internal consistency and reliability [18].

Jumping ability was assessed using a test battery modified from Gustavsson et al. [23],
using the OptoGait (Microgate, Bolzano, Italy) system. This device allows us to calculate
jumping height (in centimeters) from flight time (in milliseconds) measured by an infrared
optical acquisition system connected to a software (OptoGait analysis software, version
3.22; Microgate).

Two types of bipodalic jumps were tested: squat jump (SJ), and countermovement
jump (CMJ) (Figures 1 and 2). Then, monopodalic jumps were performed: CMJ, and side
hop test (Figures 3 and 4). Each of them was performed with the uninjured limb first,
followed by the injured. The SJ consisted of a vertical jump performed from a half-squat
position with the knees flexed at 90◦. The CMJ was performed in the same fashion, with the
exception that the starting position was an upright position, and the jump was performed
after a quick sinking. Every jump was performed 3 times, and the average value was
recorded. The side hop test consisted of performing as many jumps as possible during a
period of 30 s between two parallel strips on the floor put at a distance of 30 cm without
touching the strips (a maximum of 25% error was allowed; otherwise, the test was repeated).
Limb Symmetry Index (LSI) was calculated as a percentage of test performance on the
injured/operated limb compared to the contralateral limb.

Figure 1. Bipodalic squat jump.

Figure 2. Bipodalic countermovement jump.
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Figure 3. Monopodalic countermovement jump.

Figure 4. Monopodalic side hop test.

2.4. Statistical Analysis

Statistical analyses were performed using Graphpad Prism v8.0 (Prism software,
La Jolla, San Diego, CA, USA). Shapiro–Wilk test was used to test the distribution of
each variable. In case of normal distribution, paired Student t tests were used to assess
differences between pre-operative and 6-month values. Patients were dichotomized by
post-operative ACL-RSI score into two groups: group A (ACL-RSI > 60), and group B
(ACL-RSI < 60); unpaired t test were used to evaluate differences between the two groups.
In case of non-normal distribution, the same assessments were performed by Wilcoxon
signed-rank test for matched pairs and Mann–Whitney U test, respectively. Difference
between proportions were assessed by Fisher’s exact test. p values < 0.05 were considered
statistically significant. Post-hoc power analysis was performed for the test evaluating the
improvements in Lysholm, ACL-RSI, and IKDC after surgery. For a test with alpha = 0.05,
the study sample size provided a test power > 90% for each score.

3. Results

3.1. Demographic Data

Six patients (16%) were lost at follow-up. Overall, there were 29 males and two females
available for clinical evaluation. Mean age at surgery was 34.2 years (SD 11.3). Mean body
mass index (BMI) was 25.4 (SD 3.7). Average time interval between injury to surgery was
2.7 months (SD: 1.1). Patients’ demographics and anthropometric data are reported in
Table 1. At the time of injury, 21 patients practiced contact sports (soccer, basketball, rugby).
Noncontact sports (volleyball, skiing, cycling, running, swimming, tennis) were practiced
in 28 cases. Eleven patients practiced sport at an agonistic level, 20 were amateurs.
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Table 1. Patient demographics and anthropometric data.

Overall ACL-RSI > 60 ACL-RSI < 60 p-Value

No. of patients 31 20 11
Gender

Male 29 19 10
Female 2 1 1

Mean ACL-RSI
score (SD) 68.3 (16.2) 78.2 (9.1) 50.2 (8.5)

Mean age at
surgery (SD) (yr) 34.6 (11.7) 34.7 (11.4) 34.4 (12.5) 0.9

Mean BMI (SD) 25.1 (3.2) 25.4 (3.4) 24.5 (2.7) 0.4
ACL-RSI: Anterior Cruciate Ligament Return to Sport after Injury; SD: standard deviation; BMI: Body Mass.

3.2. Subjective Knee Function

The mean overall Lysholm score increased from a pre-operative mean of 68.4 (SD: 15.6)
to 87.1 (SD: 11.2), showing a statistically significant difference (p < 0.001). IKDC subjective
score improved from 51.9 (SD: 13.0) to 77.1 (SD: 14.6) (p < 0.001). Similarly, ACL-RSI
changed from 46.2 (SD: 23.2) to 68.3 (SD: 16.2) (p < 0.001). Concerning Tegner activity level,
no statistically significant differences were reported between pre- and post-operative status
(mean value 4.2, SD: 2.4, and 5.1, SD: 1.8, respectively, p = 0.161) (Table 2, Figure 5).

Table 2. Overall comparison between pre-operative and follow-up status.

Pre-Operative Follow-Up p-Value

Lysholm score (mean, SD) 68.4 (15.6) 87.1 (11.2) <0.001
Mean ACL-RSI score (SD) 51.9 (13.0) 77.1 (14.6) <0.001

Mean age at surgery (SD) (yr) 46.2 (23.2) 68.3 (16.2) <0.001
Tegner activity level (mean, SD) 4.2 (2.4) 5.1 (1.8) 0.161

SD: standard deviation; IKDC: International Knee Documentation Committee; ACL-RSI: Anterior Cruciate
Ligament Return to Sport after Injury.

Figure 5. Box-plots showing differences in outcome scores from pre-operative to 6-month follow-up
after surgery. The black line inside the box represents median value. The lowest bar represents the
minimum value, the bottom and top of the boxes represent the interquartile range (25th and 75th
percentiles), and the top bar represents the maximum value. Points outside the limits represent
outliers *** p < 0.001.

3.3. Jump Battery Tests

The following variables significantly improved at follow-up compared to pre-operatory
status: bipodalic CMJ (p = 0.049), monopodalic CMJ on the injured limb (p = 0.037), CMJ
LSI (p = 0.037), 30 s Side Hop test on the injured limb (p < 0.001), and Side Hop test LSI
(p < 0.001) (Figure 6). No differences in other jump tests were recorded (p = n.s.).
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Figure 6. Box-plots showing differences in jumping performances from pre-operative to 6-month
follow-up after surgery. The black line inside the box represents median value. The lowest bar
represents the minimum value, the bottom and top of the boxes represent the interquartile range
(25th and 75th percentiles), and the top bar represents the maximum value. * p < 0.05; *** p < 0.001.

3.4. Results According to ACL-RSI

Patients were dichotomized by post-operative ACL-RSI into two groups: 20 sub-
jects were allocated in group A (ACL-RSI > 60), while 11 were allocated in group B
(ACL-RSI < 60). No statistically significant differences between these two groups were
reported concerning average Lysholm, IKDC, ACL-RSI, and Tegner score (p = 0.92, 0.69,
0.21, and 0.44, respectively) at baseline.

Between groups, comparisons were performed using individual changes with respect
to baseline, in order to adjust for possible biases. A statistically significant difference in
favour of group A was recorded for Lysholm score (p = 0.020) and Tegner activity level
(p = 0.006), while a trend for IKDC was observed without statistical significance (p = 0.065)
(Figure 7). Considering jump tests, the following variable was significantly higher in group
A: Side Hop test LSI (p < 0.05) (Figure 8). No differences concerning other jump tests were
recorded between the two groups (p = n.s.).

Figure 7. Box-plots showing differences between the two groups with the same change compared to
the baseline for the various parameters. The black line inside the box represents median value. The
lowest bar represents the 10th percentile, the bottom and top of the boxes represent the interquartile
range (25th and 75th percentiles), and the top bar represents the 90th percentile. * p < 0.05.

Figure 8. Box-plot showing differences in Side Hop test LSI between the two groups. The black
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line inside the box represents median value. The lowest bar represents the minimum value, the
bottom and top of the box represent the interquartile range (25th and 75th percentiles), and the top
bar represents the maximum value. * p < 0.05.

4. Discussion

The most important finding of the present study was that patients with higher values
of ACL-RSI scores showed better functional clinical outcomes according to Lysholm and
Tegner scores as well as improved performance as measured with side-hop test six months
after ACL reconstruction.

According to our results, six months after surgery, subjective knee function according
to point-scales significantly improved compared to pre-operatory status, thus supporting
the efficacy of hamstring ACL reconstruction in athletes.

Functional tests are commonly used to assess the return-to-sport ability following ACL
reconstruction. In our cohort of patients, a test battery of vertical jumps measured with an
optical acquisition equipment was adopted to evaluate jump performance following ACL
surgery. Assessment of vertical jump to detect function deficits of the lower limb with ACL
injury or following ACL surgery has been previously reported [11,12,24]. The battery of
vertical jump tests used in the present investigation involved bipodalic SJ, bipodalic and
monopodalic CMJs, and 30 s side hop test. Such tests, by measuring jump height as an
expression of knee explosiveness, coordination, and dynamic knee stability, are reliable
predictors for the return to sport after ACL surgery. Based on the results of these test
batteries, LSI was calculated to evaluate knee status and patient ability to return to cutting
and pivoting sports.

Six months after surgery, the ability to perform bipodalic CMJ, monopodalic CMJ on
the injured limb, and a 30 s Side Hop test on the injured limb significantly improved at
follow-up compared to pre-operatory status. Similarly, an improvement in LSI recorded
while performing CMJ and Side Hop test LSI was observed.

Previous studies investigated the relationship between psychological readiness and
functional performance [13,25,26]. The ACL-RSI score demonstrated to be a reliable scoring
scale while evaluating psychological readiness for return to sports after ACL reconstruc-
tion [17,18]. In the study by McPherson et al., patients who underwent ACL re-rupture
trended toward lower ACL-RSI scores [19], while according to Sadeqi et al., ACL-RSI
score ≥ 60 months after surgery is a reliable predictor of return to preinjury sport [27].
According to the study by Aizawa et al., in our case series, we considered 60 as a cut-off
value to evaluate psychologic readiness to return to sport six months after surgery [13].
Webster et al. followed up with 635 athletes 12 months after ACL reconstruction, and
observed that greater limb symmetry while performing a single-legged hop for distance
positively correlates with the ACL-RSI score [26]. Similarly, in the study by Aizawa et al.
on athletes aiming to return to sport participation six months after surgery, LSI while
performing jump tests affected the ACL-RSI score [25].

According to our findings, using individual changes with respect to baseline, patients
with ACL-RSI score > 60 reported higher Lysholm and Tegner score and higher performance
in the side-hop test six months after ACL surgery compared to patients with ACL-RSI score
< 60. Sport-related performances such as vertical jump following ACL reconstruction are
affected by muscular co-ordination recovery, leg power, and symmetry in isokinetic lower
limb strength. Our study demonstrated that the ability to perform a side-hop test was
significantly higher in the group with better psychological readiness. Similarly, patients
with higher confidence tended towards higher PROMs compared to patients not meeting
the ACL-RSI threshold of 60 points. This confirms our hypothesis that psychological
readiness is strictly related to jumping ability. Interestingly, no difference with respect to
subjective IKDC score, SJ, and CMJs were reported between the two groups considered.
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Further research is needed to investigate the most reliable predictors affecting ACL-RSI
score at the time of return to sport.

Return to pre-injury activity level represents one of the most important issues in
patients following ACL reconstruction. According to our results, average activity level did
not statistically differ from pre-operative at follow-up, thus supporting the findings that
most patients return to pre-injury activity level up to 12 months after surgery [28].

Future studies should build on current preliminary findings to help to evaluate return-
to-sport readiness following ACL surgery, taking into account functional ability and psy-
chological readiness when planning sport resumption. Long-term studies are needed to
investigate prognostic factors which may allow for more appropriate decision-making
strategies and give a reliable prediction on return-to-sport ability [29,30].

This study possesses limitations. The relatively small sample size may not have
allowed for the detection of small differences between groups regarding some parameters.
A trend for increased IKDC score in patients with ACL-RSI > 60 failed to demonstrate
statistical significance. A greater number of patients could have enhanced the power of the
results obtained. We acknowledge that jumping ability is influenced by many variables,
and correlating jump height with neuromuscular restoration following ACL surgery is a
further study limitation. The OptoGait device was chosen to instrumentally assess jump
performance because it is simple, relatively inexpensive, and easily reproducible in the
clinical setting allowing us to perform reliable measurements of functional ability. The
male/female ratio of the patients recruited was biased towards the male gender, therefore
our findings may not be generalizable to female athletes. Another limitation was the lack of
a control group of healthy individuals. Finally, relying on subjective questionnaires could
potentially bias the results. Long-term prospective follow-up studies with larger cohorts
are required to corroborate these findings.

5. Conclusions

Patients with higher values of ACL-RSI scores showed better functional and clinical
outcomes as well as improved performance six months after ACL reconstruction. Psycho-
logical readiness to return to sport reflects a better recovery of knee function following
ACL surgery.
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Abstract: Intramedullary nailing (IMN) is a popular treatment for elderly patients with femoral
shaft fractures. Recently, prophylactic neck fixation has been increasingly used to prevent proximal
femoral fractures during IMN. Therefore, this study aimed to investigate the biomechanical strength
of prophylactic neck fixation in osteoporotic femoral fractures. An osteoporotic femur model was
created to simulate the union of femoral shaft fractures with IMN. Two study groups comprising six
specimens each were created for IMN with two standard proximal locking screws (SN group) and
IMN with two reconstruction proximal locking screws (RN group). Axial loading was conducted
to measure the stiffness, load-to-failure, and failure modes. There were no statistically significant
differences in stiffness between the two groups. However, the load-to-failure in the RN group was
significantly higher than that in the SN group (p < 0.05). Femoral neck fractures occurred in all
specimens in the SN group. Five constructs in the RN group showed subtrochanteric fractures
without femoral neck fractures. However, one construct was observed in both subtrochanteric and
femoral neck fractures. Therefore, prophylactic neck fixation may be considered an alternative
biomechanical solution to prevent proximal femoral fractures when performing IMN for osteoporotic
femoral fractures.

Keywords: femur; nail; osteoporosis; prophylaxis

1. Introduction

Intramedullary (IM) nailing (IMN) is the preferred treatment method for femoral
diaphyseal fractures in adults. As the elderly population increases, the selection of implants
for the fixation of femoral shaft fractures in patients at a high risk of future fractures may
be an essential process to ensure satisfactory outcomes. IM nail fixation is the standard
treatment for femoral shaft fractures [1–3] and is increasing in popularity. However, late
femoral neck and proximal peri-implant fractures have been reported after fixation of
IMN without femoral neck protection of the femoral shaft fracture in elderly patients [4,5].
Additionally, the severity of osteoporosis is considered a significant risk factor for late hip
fractures [4]. Thus, IMN can increase the risk of the femoral neck or proximal peri-implant
fractures in elderly individuals with coexisting osteoporosis. This is because it can often
be exacerbated by enforced postoperative immobility and a stress riser at the site of the
proximal locking screw.

Many surgeons have recently selected a reconstruction nail (RN) with proximally
directed interlocking screws to stabilize the femoral shaft and protect the femoral neck when
treating femoral shaft fractures in elderly patients with osteoporosis. Several prior studies
have investigated the role of prophylactic femoral neck fixation in diaphyseal femoral
fractures [4–8] and have suggested that protecting the femoral neck during IM nail fixation
of osteoporotic femoral shaft fractures may be effective in reducing late hip fractures [5–7].
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In addition, a previous biomechanical study demonstrated that IM nail fixation with femoral
neck protection can prevent femoral neck fractures [9]. However, it remains unclear whether
the same biomechanical difference exists when IMN is performed in osteoporotic femoral
models. This study investigated the biomechanical effect of prophylactic neck fixation on
the proximal femur during IMN in an osteoporotic femur model.

2. Materials and Methods

Twelve synthetic osteoporotic femurs (Model 3503; Pacific Research Laboratories,
Vashon, WA, USA) were used in this study. The femurs had a length of 455 mm, a 16 mm
hollow canal, and an 18 mm inner cortical diameter. All synthetic femurs were stabilized
with antegrade femoral nails (Expert A2FN, DePuy Synthes, Paoli, PA, USA) and divided
into two groups according to femoral neck fixation. Six femurs were stabilized using two
proximal standard interlocking screws (one oblique and one transverse screw) and two
distal interlocking screws (SN group). The other six femurs were stabilized using two
proximal reconstruction interlocking screws and two distal interlocking screws (RN group).
A synthetic osteoporotic femur was used to simulate a femur with osteoporosis. Osteotomy
was not performed after IM nail fixation in the femoral shaft fracture to ensure union.

2.1. Specimen Preparation

Each bone model was prepared according to the surgical techniques provided by the
implant manufacturer. The nail was inserted at the tip of the greater trochanter (GT) in the
anteroposterior (AP) view and parallel with the axial direction of the medullary cavity. The
length of the nail was chosen such that its proximal end would meet the GT and its distal
end could be placed in the supracondylar area of the distal femur. The length of the nail
in the medullary cavity was 380 mm. Because the nail thickness was 10 mm, which was
2 mm less than the pre-measured thickness of the medullary cavity, the nail was inserted
after reaming.

In the SN group, a 68 mm-long proximal locking screw was inserted in a 120◦ antegrade
direction until it reached the cortex on the opposite side, for bicortical and firm fixation.
Subsequently, a 50 mm-long locking screw was inserted into the static hole of the nail in the
transverse direction. Both screws were 5.0 mm thick. In the RN group, two reconstruction
screws were inserted and passed through the proximal and distal one-third of the femoral
neck in the AP view and through the center of the lateral view. The screw length was
chosen to match the distance to the subcortical bone of the femoral head. These hip screws
had a thickness of 6.5 mm and lengths of 95 mm and 90 mm for the proximal and distal
regions, respectively. After fixation of the proximal interlocking screws, two screws were
inserted into the static hole in the distal nail region using a radiation amplifier in both
groups. A single orthopedic surgeon performed all the procedures under fluoroscopic
guidance to achieve a constant model for the biomechanical study. Proper implantation
was confirmed on radiography after instrumentation (Figure 1).

2.2. Mechanical Loading

A load was applied to the head of the femur using a custom mold. Each potted femur
was placed in a material testing machine (Electroplus E10000, Instron, Norwood, MA, USA)
and held with custom fixation devices at 6◦ valgus to simulate anatomical positioning with
weight bearing. The specimens were supported in the testing machine by a ball bearing to
avoid uncontrolled torque or bending, as previously described by Cordey et al. [10]. Each
distal femur was firmly held in a pre-shaped auto-polymerized acrylic resin (Vertex Dental,
Zeist, Netherlands) until the lateral and medial condyles were in contact with the mold as
it hardened. The mold aimed to evenly distribute the axial force applied during the testing
process (Figure 2).
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Figure 1. Two different constructs of the osteoporotic femur model with IMN and radiographs:
(A) IMN with two standard proximal locking screws (SN group) and (B) IMN with two reconstruction
proximal locking screws (RN group). IMN, intramedullary nailing.

 

Figure 2. Experimental setup for measuring the stiffness and failure load after creating the osteo-
porotic femur models with different proximal interlocking screw constructs.

The experiments were designed to measure the structural stiffness, failure load, and
failure mode of each proximal interlocking screw construct by applying axial compres-
sion. Before conducting the experiments, an axial preload of 100 N was applied to the
servohydraulic testing machine and the femoral constructs to obtain stable results. The test
was then performed by loading a 1500 N weight (twice the force applied to the femoral
head of a 75 kg adult) at a velocity of 10 N/s in the direction of axial compression, as
described by Grisell et al. [11]. This process was repeated five times, and the weight was
loaded at 10 N/s on each femur until compressive failure. All constructs were ramped to
failure by increasing the force to 10 N/s, and the load, displacement, and time data were
collected at a sampling rate of 20 Hz. The axial displacements from the initial position
to the preload and from the preload to the maximum load were continuously recorded
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using the crosshead motion sensor of the servohydraulic testing machine. The degree of
displacement corresponding to the increase in axial load was determined for each femur.
The stiffness of each femur was calculated as the slope of the elastic portion of the force
versus displacement curve, and the mean value was considered. Failure was defined as
screw breakage or fracture of a part of the construct, and the force applied to the femoral
head at the time of failure was measured. If none of the aforementioned failure criteria
were satisfied through direct observation, a sudden reduction in force, as revealed by the
force versus displacement graph, was considered a failure [12].

2.3. Statistics

Independent sample t-tests were used to determine significant differences in stiffness,
displacement, and mean failure load between screw constructs. A nonparametric alter-
native (Mann–Whitney U-test) was used if the hypothesis did not satisfy the parametric
method. SPSS Statistics for Windows, Version 18.0 (SPSS Inc., Chicago, IL, USA), was used
for statistical analyses, and statistical significance was set at p < 0.05.

3. Results

3.1. Stiffness and Load-to-Failure

There were no gross failures of any construct during or after the repeated cyclic load
tests. The mean stiffness in the RN group was 8% higher than that in the SN group.
However, there were no statistically significant differences between the two groups. The
load-to-failure in the RN group was 25% higher than that in the SN group, and this
difference was statistically significant. The descriptive data are presented in Table 1.

Table 1. Measurement results of construct stiffness under axial compressive load.

Construct
Axial Compressive Load

Stiffness (N/mm) Load-to-Failure (N)

IM nail with standard interlocking screws
(SN Group) 506 ± 37 2426 ± 163

IM nail with reconstruction interlocking screws
(RN Group) 545 ± 57 3020 ± 103

p-value 0.31 <0.05

3.2. Mode of Failures

All constructs in the SN group failed similarly and resulted in basicervical femoral
neck fractures from the GT nail entry hole through the proximal oblique interlocking screw
(Figure 3A). In the RN group, the five constructs failed without any femoral neck fractures;
two constructs sustained subtrochanteric fractures through the reconstruction screw hole
without any femoral neck fractures, whereas three constructs sustained subtrochanteric
fractures with a non-displaced fracture line that extended toward the GT entry holes. One
construct was observed to have subtrochanteric and basicervical femoral neck fractures
(Figure 3B).
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Figure 3. Failure modes after axial compressive loads. All constructs of group SN showed a basicer-
vical femoral neck fracture from the GT nail entry hole through the proximal oblique interlocking
screw (A). In the RN group reconstruction nail, five constructs exhibited a subtrochanteric fracture
through the reconstruction screw hole, but without a femoral neck fracture (B). GT, greater trochanter.
Red arrows point to the fracture lines.

4. Discussion

In this study, we evaluated the mechanical properties of prophylactic femoral neck
fixation using reconstruction interlocking screws for IMN in an osteoporotic femur model.
Our composite bone model simulated a healed femoral shaft fracture fixed with an IM
nail for osteoporosis. Our findings revealed that the reconstruction interlocking constructs
showed a higher load-to-failure and prevented delayed femoral neck fractures compared
with the standard interlocking construct in an osteoporotic femur model.

Surgeons prefer prophylactic neck fixation for treating femoral fractures. Several
authors have advocated prophylactic femoral neck fixation for all femoral shaft fractures
because of concerns regarding iatrogenic or missed femoral neck fractures [6,7]. Patton
et al. [4] reported late femoral neck fractures after IM nail fixation of femoral shaft fractures
in elderly patients. Fourteen patients (2.7%) developed a proximal femoral fracture adjacent
to an IM implant in their series. Among them, 11 fractures occurred within months
to years. Most patients were > 60 years of age and had osteoporosis and low-energy
injuries. Therefore, we suggest that prophylactic neck fixation during the construction of
osteoporotic femoral shaft fractures with a reconstruction nail is necessary. Bögl et al. [5]
reviewed 897 patients treated for low-energy diaphyseal femoral fractures in Sweden. In
their study, 640 patients were treated with IM nails with femoral neck fixation, whereas
257 patients were treated without femoral neck protection. The authors found a five-
fold decrease in the risk of reoperation for peri-implant fractures and half the risk of
major reoperation when treated with femoral neck fixation. Our study also demonstrated
biomechanically that prophylactic neck fixation could effectively prevent femoral neck
fractures after IMN for osteoporotic femoral shaft fractures.

Few biomechanical studies have been conducted on prophylactic neck fixation. Previ-
ous biomechanical studies using piriformis entry nails have reported that the load-to-failure
was similar, regardless of femoral neck protection [13]. They postulated that this may have
resulted from a large entry hole through the piriformis fossa, which created a significant
bone defect at the base of the femoral neck. Another study using a GT entry nail with neck
protection showed a higher load-to-failure than a piriformis entry nail, similar to that of an
intact femur [9]. In the present study, higher load-to-failure values were observed in the
RN group. This is the result of the difference between the nail entry portal and composite
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bone used. For osteoporotic femoral shaft treatment, GT entry nail and prophylactic neck
fixation may be considered appropriate.

The location of the entry site contributes to the strength of the femoral neck during
fixation. In a cadaveric study, Miller et al. [14] showed that the entry site of the piriformis
fossa could significantly weaken the neck. All the specimens in their study sustained
basicervical fracture patterns under mechanical loading. Strand et al. [15] conducted a
cadaveric study comparing entry portals at either the piriformis fossa or the GT of the
cadaver. All femurs of the piriformis fossa entry portals sustained basicervical fractures at
the entry site. The piriformis fossa group showed a lower load-to-failure than the GT group.
As elderly patients with osteoporosis have a lower bone density around the femoral neck,
the piriformis entry portal may pose a higher risk of femoral neck fractures in these patients.
When performing nailing for femoral fractures, especially in elderly patients, avoiding
the piriformis entry portal is recommended. Therefore, our experimental procedure was
conducted using the trochanter entry portal.

Synthetic femurs have been widely used and accepted as a substitute for cadaveric
specimens in biomechanics. Recently, a new osteoporotic synthetic femur has been intro-
duced by the increasing osteoporosis population. The wall thickness and bone density were
reduced to simulate osteoporotic bone. In biomechanical studies, the osteoporotic synthetic
bone shows similar axial loading results compared with the osteoporotic bone [16].

Our study had several limitations. First, this was a biomechanical study using syn-
thetic femur models and, thus, may not accurately represent human bone mechanics,
especially in elderly patients. However, synthetic bone provides several advantages over
cadaveric bone; thus, it is preferred in biomechanical studies [12,17]. Furthermore, synthetic
bones can provide standard sizes and properties between specimens and guarantee implan-
tation techniques’ reproducibility. In addition, cadaveric specimens of varying dimensions,
ages, and bone densities were excluded. Moreover, our approach is meaningful because
we used a newly developed synthetic osteoporotic bone biomechanically similar to an
osteoporotic cadaveric femur [16].

Second, the axial load provided by a mechanical testing machine may not accurately
mimic the physiological load or vector experienced during a standard ground-level fall.
We assumed that femur neck fracture is a result of axial load through the mechanical axis of
the femur. We decided to use this assumption to enhance reproducibility, with the thought
that weight bearing goes through the mechanical axis from a functional perspective. Other
forces we did not simulate can cause femur neck fractures. However, the testing model used
in this study has been validated and previously utilized in multiple biomechanical studies.
Consequently, this is an appropriate and applicable method for isolating the strength of the
proximal femur.

Third, we only tested load-to-failure rather than cyclic loading. Failure loading
simulates a fall or other trauma. Moreover, some clinical reports had either no or minimal
trauma due to the mechanism of the fracture, implying that femur neck fracture may be
due to repetitive loading, leading to a stress fracture. However, our goal was to investigate
the protection the fixation construct provides against a catastrophic event such as a fall.

Finally, this study was conducted only with an osteoporotic bone model, so the effect
of prophylactic neck fixation is specific to the osteoporotic femur. Additional samples
and comparison studies with non-osteoporotic bone may have provided a more accurate
representation of the load-to-failure of the femur models.

5. Conclusions

In summary, the results of this biomechanical study showed that femoral nailing with
two reconstruction screws resulted in a higher load-to-failure than femoral nailing with
standard screws in an osteoporotic femoral model. Clinically, it may be assumed that IM
nail fixation using reconstructive screws could prevent femoral neck fractures in patients
with osteoporosis.
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Abstract: Hematocrit, a commonly used hematological indicator, is a simple and easily applicable test.
As a marker of anisocytosis and anemia, it indicates the percentage of blood cells per unit volume
of whole blood. This study aimed to evaluate the association between the level of the hematocrit
at admission and preoperative deep vein thrombosis (DVT) in hip fractures of older people. We
collected the demographic and clinical characteristics of patients with geriatric hip fractures between
1 January 2015, and 30 September 2019, at the largest trauma center in northwestern China. Doppler
ultrasonography was used to diagnose DVT. The correlation between hematocrit levels at admission
and preoperative DVT was assessed using linear and nonlinear multivariate logistic regression,
according to the adjusted model. All analyzes were performed using EmpowerStats and R software.
In total, 1840 patients were included in this study, of which 587 patients (32%) had preoperative DVT.
The mean hematocrit level was 34.44 ± 5.64 vol%. Linear multivariate logistic regression models
showed that admission hematocrit levels were associated with preoperative DVT (OR = 0.97, 95%
CI: 0.95–0.99; p = 0.0019) after adjustment for confounding factors. However, the linear association
was unstable, and nonlinearity was identified. An admission hematocrit level of 33.5 vol% was an
inflection point for the prediction. Admission hematocrit levels <33.5 vol% were not associated with
preoperative DVT (OR = 1.00, 95% CI: 0.97–1.04, p = 0.8230), whereas admission hematocrit levels
>33.5 vol% were associated with preoperative DVT (OR = 0.94, 95% CI: 25 0.91–0.97, p = 0.0006).
Hematocrit levels at admission were nonlinearly associated with preoperative DVT, and hematocrit
at admission was a risk factor for preoperative DVT. However, the severity of a low hematocrit was
not associated with preoperative DVT when the hematocrit was <33.5 vol%.

Keywords: hematocrit; hip fracture; DVT; logistic regression; retrospective

1. Introduction

As the main type of osteoporotic fracture, hip fractures have a high incidence in
the older population [1]. The number of hip fractures worldwide is estimated to reach
4.5 million by 2050 [2]. With the aging population and longer life expectancy, patients
with hip fractures are a major challenge for the healthcare system and society due to
poor prognosis [3–5]. Patients with hip fractures often have other diseases and are in
poor physical condition. Therefore, older adults are at risk for prolonged bed rest after
hip fractures.

Kaperonis et al. found that 5-day bed rest in a normal person results in sluggish blood
flow, increased red blood cell aggregation, and increased blood viscosity, which can induce
deep vein thrombosis (DVT) [6]. DVT is common in older adults with hip fractures due to
trauma, immobilization, advanced age, and comorbidities [7,8]. The reported prevalence of
perioperative DVT after hip fracture ranges from 11.1 to 29.4% [9,10].

J. Clin. Med. 2023, 12, 353. https://doi.org/10.3390/jcm12010353 https://www.mdpi.com/journal/jcm
73



J. Clin. Med. 2023, 12, 353

For patients at high risk of thrombosis, proactive measures should be taken in time
to prevent and treat DVT. Otherwise, it can lead to chronic pain, and secondary varicose,
even fatal, pulmonary embolism (PE) can occur, which seriously affects the quality of life
and increases the hospitalization costs [11,12]. There has been considerable research on the
prevention of DVT, but optimal preventive measures have not been established. Rivaroxa-
ban or low-molecular-weight heparin (LMWH) is a treatment for DVT prophylaxis [13,14].
However, it has not been particularly effective. The incidence of DVT is still 20–30% [10,15].
Therefore, it is necessary to analyze in depth the risk factors for perioperative DVT, which
may help prevent the further development of this complication.

The hematocrit is a commonly used hematological indicator as a marker for anisocyto-
sis and anemia, and indicates the percentage of red blood cells per unit volume of whole
blood [16]. It is one of the main determinants of blood viscosity, and an increased hematocrit
is associated with increased blood viscosity, decreased venous return, and increased expo-
sure of endothelial cells to platelets and coagulation factors [17]. Therefore, subjects with
Hct levels above the normal range are theoretically susceptible to DVT. Previous studies
have shown a correlation between Hct level and DVT. However, the relationship between
hematocrit and DVT is not sufficiently detailed and remains controversial [18–20]. Data
from previous studies were based on the general population rather than on patients with
fractures. Regarding hip fractures in older adults, evidence on the relationship between the
hematocrit level at admission and preoperative DVT is lacking. Therefore, it is necessary to
build a reliable model to understand the association between Hct levels at admission and
DVT or to predict the prognosis.

This study aimed to evaluate the association between the level of the hematocrit at
admission and preoperative DVT in older adults with hip fractures. We hypothesized
that there is a linear or nonlinear association between hematocrit level at admission and
preoperative DVT, which would explain the effect of hematocrit level at admission on
preoperative DVT and provide a target for prevention.

2. Materials and Methods

2.1. Ethics Statement

We recruited older adults with a hip fracture between 1 January 2015, and 30 September 2019,
at the largest trauma center in Northwest China.

The Ethics Committee of our hospital (No. 202201009) approved this retrospective
study. All human procedures were performed in accordance with the Declaration of
Helsinki of 1964 and its subsequent amendments. The study was conducted according to
the STROCSS 2021 guidelines [21].

2.2. Inclusion and Exclusion Criteria

The demographic and clinical data of the patients were obtained from their original
medical records. The inclusion criteria were as follows: (1) age ≥65 years; (2) diagnosis
by X-ray or computed tomography of femoral neck or intertrochanteric or subtrochanteric
fracture; and (3) patients receiving surgical or conservative treatment in the hospital.
The exclusion criteria were as follows: patients for whom clinical data in the hospital
were unavailable.

2.3. Hospital Treatment

The patients were examined using blood tests and ultrasonography to prepare for
surgery. Prophylaxis for deep vein thrombosis was initiated at admission. A mechanical
pressure pump (20 min, twice daily) was used to promote blood reflux. Furthermore,
for patients without contraindications, LMWH was subcutaneously injected according
to guidelines to prevent DVT. Anticoagulant therapy was discontinued 12 h before the
operation and resumed 24 h after the operation. Blood samples were collected at the time
of admission (2 h after admission).
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2.4. DVT Diagnosis

According to Chinese guidelines for the prevention of venous thromboembolism in
orthopedic surgery, color Doppler ultrasound was used to detect DVT. Vascular ultrasonog-
raphy was performed using a bedside machine by three trained operators. The diagnostic
criterion for fresh thrombosis was the presence of a constant intraluminal filling defect [22],
as shown in Figure 1. Anticoagulation regimens were guided by hospital consultations
during vascular surgery. If required, an inferior vena cava filter was used to prevent fatal
pulmonary embolism.

Figure 1. DVT in Doppler ultrasonography (yellow arrow).

2.5. Endpoint Events

The endpoint event in this study was preoperative DVT.

2.6. Variables

In this study, the following variables were collected: hematocrit level, age, sex, occu-
pation, history of allergy, injury mechanism, fracture classification, hypertension, diabetes,
coronary heart disease, arrhythmia, hemorrhagic stroke, ischemic stroke, cancer, associated
injuries, dementia, chronic obstructive pulmonary disease (COPD), hepatitis, gastritis,
age−adjusted Charlson comorbidity index (aCCI), and time from injury to admission.

The dependent variable was preoperative DVT, and the independent variable was the
level of the hematocrit. Other variables were confounding factors.

2.7. Statistics Analysis

Descriptive statistical analyzes were performed using standard reporting methods.
Continuous variables are reported as mean ± standard deviation (normally distributed
data) or median (interquartile range) (nonnormally distributed data). Categorical variables
were reported as percentages. Chi−square (categorical variables), one−way ANOVA
(normal distribution), or Kruskal–Wallis H tests (skewed distribution) were used to detect
differences among different levels of the hematocrit at admission.

We analyzed the association between Hct level and preoperative DVT. Univariate and
multivariate binary logistic regression models were used to test the association between
Hct levels and preoperative DVT using three distinct models. Model 1: No covariates are
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adjusted. Model 2 was a minimally adjusted model, adjusted only for sociodemographic
covariates. Model 3 was fully adjusted for all covariates. We performed a sensitivity
analysis to verify the robustness of the results. We converted admission hematocrit into
a categorical variable according to the quintiles, calculated p for the trend to verify the
results of admission hematocrit as a continuous variable, and examined the possibility of
nonlinearity (Q1–Q5 groups).

To account for the nonlinear relationship between hematocrit and preoperative DVT,
we also used a generalized additive model and smooth curve fitting (penalized spline
method) to address nonlinearity. If nonlinearity was detected, we first calculated the
inflection point using a recursive algorithm and then constructed a two−piece logistic
proportional hazard regression model for each side of the inflection point.

All analyzes were performed using the statistical software packages R (http://www.R-
project.org, R Foundation, Vienna, Austria) (accessed on 25 September 2022) and Empower-
Stats (http://www.empowerstats.com, X&Y Solutions Inc., Boston, MA, USA) (accessed
on 25 September 2022). Statistical significance was established by a two−sided p−value,
where p < 0.05 (two-sided) was considered to be statistically significant.

3. Results

3.1. Patient Characteristics

Of the 1881 participants with hip fractures between January 2015 and September 2019,
48 patients were excluded from this study due to missing HCT data at admission. A total
of 1840 patients met the study criteria and were enrolled in our study. A flowchart is
shown in Figure 2. Hematocrit levels were divided into five groups. The average admission
hematocrit of all patients was 34.44 ± 5.64 vol% (Q1 group: 25.35 ± 2.96 vol%, Q2 group:
30.62 ± 1.08 vol%, Q3 group: 33.75 ± 0.83 vol%, Q4 group: 36.61 ± 0.88 vol%, and Q5
group: 41.29 ± 2.67 vol%). A total of 587 patients (32%) had preoperative DVT ((Q1 group:
95 (33.69%); Q2 group: 120 (36.70%); Q3 group: 135 (37.92%); Q4 group: 125 (30.19%); and
Q5 group: 112 (24.30%)). Eight patients had pulmonary embolism, and two died after the
operation due to coronary heart disease (CHD).

Figure 2. Study flow diagram.

Table 1 lists the demographic and clinical characteristics of all 1840 patients, including
comorbidities, factors associated with injuries, and hematocrit levels at admission.
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Table 1. The demographic and clinical characteristics of the patients (N = 1840).

Hematocrit
Quintiles

Q1 (n = 282) Q2 (n = 327) Q3 (n = 356) Q4 (n = 414) Q5 (n = 461) p-Value p-Value *

Age (year) 82.61 ± 6.32 80.53 ± 6.90 79.62 ± 6.30 78.66 ± 6.57 77.14 ± 6.98 <0.001 <0.001

Sex <0.001 -

Male 55 (19.50%) 89 (27.22%) 94 (26.40%) 109 (26.33%) 211 (45.77%)

Female 227 (80.50%) 238 (72.78%) 262 (73.60%) 305 (73.67%) 250 (54.23%)

Injury
mechanism 0.527 -

Falling 272 (96.45%) 317 (96.94%) 339 (95.22%) 404 (97.58%) 441 (95.66%)

Traffic accident 7 (2.48%) 7 (2.14%) 14 (3.93%) 10 (2.42%) 15 (3.25%)

Other 3 (1.06%) 3 (0.92%) 3 (0.84%) 0 (0.00%) 5 (1.08%)

Fracture
classification <0.001 -

Intertrochanteric
fracture 228 (80.85%) 261 (79.82%) 236 (66.29%) 199 (48.07%) 182 (39.48%)

Femoral neck
fracture 45 (15.96%) 59 (18.04%) 113 (31.74%) 208 (50.24%) 276 (59.87%)

Subtrochanteric
fracture 9 (3.19%) 7 (2.14%) 7 (1.97%) 7 (1.69%) 3 (0.65%)

Hypertension 123 (43.62%) 160 (48.93%) 184 (51.69%) 203 (49.03%) 254 (55.10%) 0.039 -

Diabetes 45 (15.96%) 60 (18.35%) 82 (23.03%) 82 (19.81%) 98 (21.26%) 0.202 -

CHD 142 (50.35%) 163 (49.85%) 193 (54.21%) 198 (47.83%) 254 (55.10%) 0.187 -

Arrhythmia 98 (34.75%) 97 (29.66%) 107 (30.06%) 113 (27.29%) 168 (36.44%) 0.029 -

Hemorrhagic
stroke 5 (1.77%) 6 (1.83%) 6 (1.69%) 5 (1.21%) 10 (2.17%) 0.877 -

Ischemic stroke 82 (29.08%) 104 (31.80%) 111 (31.18%) 114 (27.54%) 169 (36.66%) 0.05 -

Cancer 7 (2.48%) 13 (3.98%) 9 (2.53%) 11 (2.66%) 8 (1.74%) 0.431 -

Dementia 20 (7.09%) 8 (2.45%) 10 (2.81%) 18 (4.35%) 15 (3.25%) 0.022 -

Multiple
injuries 36 (12.77%) 31 (9.48%) 23 (6.46%) 23 (5.56%) 18 (3.90%) <0.001 -

COPD 17 (6.03%) 18 (5.50%) 21 (5.90%) 19 (4.59%) 31 (6.72%) 0.75 -

Hepatitis 15 (5.32%) 6 (1.83%) 10 (2.81%) 11 (2.66%) 13 (2.82%) 0.135 -

Gastritis 6 (2.13%) 4 (1.22%) 9 (2.53%) 5 (1.21%) 3 (0.65%) 0.194 -

Time to
admission (h) 71.83 ± 122.56 80.71 ± 159.64 86.29 ± 263.66 108.05 ± 407.03 70.30 ± 172.10 0.22 <0.001

aCCI 4.49 ± 0.99 4.28 ± 1.05 4.27 ± 1.16 4.11 ± 1.17 4.05 ± 1.07 <0.001 <0.001

Hematocrit 25.35 ± 2.96
(11.90-28.50)

30.62 ± 1.08
(28.60–32.20)

33.75 ± 0.83
(32.30–35.10)

36.61 ± 0.88
(35.20–38.20)

41.29 ± 2.67
(38.30–54.20) <0.001 <0.001

DVT 95 (33.69%) 120 (36.70%) 135 (37.92%) 125 (30.19%) 112 (24.30%) <0.001 -

Mean ± SD/N (%). p-value *: For continuous variables, we used the Kruskal–Wallis rank-sum test, and Fisher’s
exact probability test was used for count variables with a theoretical number <10.

3.2. Univariate Analysis

To identify possible confounders and the relationship between admission hematocrit
level and preoperative DVT, we performed a univariate analysis (Table 2). According to
the criteria of p < 0.1, the following variables were considered in the multivariate logistic
regression: sex, dementia, and multiple injuries.
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Table 2. Effects of factors on preoperative DVT measured by univariate analysis (N = 1840).

Statistics OR (95% CI) p-Value

Age (year) 79.40 ± 6.88 1.00 (0.99, 1.02) 0.7005

Sex

Male 558 (30.33%) 1

Female 1282 (69.67%) 1.26 (1.01, 1.56) 0.0388

Injury mechanism

Falling 1773 (96.36%) 1

Traffic accident 53 (2.88%) 1.11 (0.62, 1.98) 0.7206

Other 14 (0.76%) 2.88 (0.99, 8.34) 0.0511

Fracture classification

Intertrochanteric
fracture 1106 (60.11%) 1

Femoral neck fracture 701 (38.10%) 0.68 (0.56, 0.84) 0.0004

Subtrochanteric
fracture 33 (1.79%) 1.77 (0.88, 3.54) 0.1069

Time to admission (h) 83.97 ± 255.05 1.00 (1.00, 1.00) 0.2535

Hypertension

No 916 (49.78%) 1

Yes 924 (50.22%) 1.13 (0.93, 1.38) 0.2215

Diabetes

No 1473 (80.05%) 1

Yes 367 (19.95%) 0.95 (0.74, 1.22) 0.6998

CHD

No 890 (48.37%) 1

Yes 950 (51.63%) 1.07 (0.88, 1.30) 0.488

Arrhythmia

No 1257 (68.32%) 1

Yes 583 (31.68%) 1.07 (0.87, 1.32) 0.5182

Hemorrhagic stroke

No 1808 (98.26%) 1

Yes 32 (1.74%) 1.68 (0.83, 3.39) 0.1512

Ischemic stroke

No 1260 (68.48%) 1

Yes 580 (31.52%) 0.86 (0.69, 1.06) 0.1608

Cancer

No 1792 (97.39%) 1

Yes 48 (2.61%) 1.18 (0.65, 2.14) 0.5969

Dementia

No 1769 (96.14%) 1

Yes 71 (3.86%) 1.59 (0.98, 2.58) 0.0583

78



J. Clin. Med. 2023, 12, 353

Table 2. Cont.

Statistics OR (95% CI) p-Value

Multiple injuries

No 1709 (92.88%) 1

Yes 131 (7.12%) 1.60 (1.12, 2.30) 0.0108

COPD

No 1734 (94.24%) 1

Yes 106 (5.76%) 0.88 (0.57, 1.35) 0.5457

Hepatitis

No 1785 (97.01%) 1

Yes 55 (2.99%) 0.65 (0.35, 1.23) 0.1849

Gastritis

No 1813 (98.53%) 1

Yes 27 (1.47%) 0.48 (0.18, 1.28) 0.1413

aCCI 4.21 ± 1.10 0.99 (0.91, 1.09) 0.8784

Hematocrit 34.44 ± 5.64 0.97 (0.95, 0.98) 0.0002

3.3. Multivariate Analysis between Admission Hematocrit Level and Preoperative DVT

We used three models (Table 3) to correlate hematocrit levels and preoperative DVT.
When the hematocrit level was a continuous variable, linear regression was observed. The
fully adjusted model showed a preoperative decrease in the risk of DVT of 3% (OR = 0.97,
95% CI: 0.95–0.99, p = 0.0019) when hematocrit levels increased by 1% after controlling
for confounders. When hematocrit levels were used as a categorical variable, we found
statistically significant differences in the hematocrit level groups of the three models
(p < 0.05). Compared with the hematocrit Q1 group, the hematocrit Q5 group could
decrease the risk of preoperative DVT by 31% (OR = 0.69, 95% CI: 0.50–0.97, p = 0.0304).
However, there were no statistically significant differences among the Q2–Q4 hematocrit
groups and the Q1 group. In addition, the p for the trend showed p < 0.05 in the three
models. This instability indicates a nonlinear correlation.

Table 3. Multivariate results by logistic regression (N = 1840).

Exposure
Non-Adjusted

Model
Minimally-Adjusted

Model
Fully-Adjusted

Model

Hematocrit 0.97 (0.95, 0.98) 0.0002 0.97 (0.95, 0.99) 0.0006 0.97 (0.95, 0.99) 0.0019

Hematocrit quintiles

Q1 1 1 1

Q2 1.14 (0.82, 1.59) 0.4385 1.15 (0.83, 1.61) 0.3996 1.20 (0.85, 1.68) 0.2943

Q3 1.20 (0.87, 1.67) 0.2689 1.22 (0.88, 1.69) 0.2431 1.27 (0.92, 1.77) 0.1494

Q4 0.85 (0.62, 1.18) 0.3305 0.86 (0.62, 1.19) 0.3626 0.90 (0.65, 1.24) 0.5175

Q5 0.63 (0.46, 0.88) 0.0058 0.66 (0.47, 0.91) 0.0129 0.69 (0.50, 0.97) 0.0304

P for trend 0.0002 0.0007 0.002

Data in table: OR (95% CI), p-value. Outcome variable: preoperative DVT. Exposure variable: hematocrit level
at admission. Minimally-adjusted model: adjust for sex. Fully-adjusted model: adjust for sex, dementia, and
multiple injuries.

3.4. Curve Fitting and Analysis of Threshold Effect

As shown in Figure 3, after adjusting for confounders, we fit a curve to explain
the association between Hct levels at admission and preoperative DVT. We compared
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two fitting models to explain this association (Table 4). Interestingly, an inflection point
was observed. Admission hematocrit levels of >33.5 vol% were associated with preop-
erative DVT (OR = 0.94, 95% CI: 0.91–0.97, p = 0.0006). At admission hematocrit levels
of <33.5 vol%, there was no statistically significant correlation between preoperative DVT
and admission hematocrit levels (OR = 0.94, 95% CI: 0.91–0.97, p = 0.0006).

Figure 3. Curve fitting between admission hematocrit levels and preoperative DVT. Adjusted for sex,
dementia, and multiple injuries.

Table 4. Nonlinearity of admission hematocrit levels versus preoperative DVT (N = 1840).

Outcome: OR (95% CI) p-Value

Fitting model by standard linear regression 0.97 (0.95, 0.99) 0.0019
Fitting model by two-piecewise linear regression

Inflection point 33.5 vol%
<33.5 vol% 1.00 (0.97, 1.04) 0.8230
>33.5 vol% 0.94 (0.91, 0.97) 0.0006

P for log-likelihood ratio test 0.029
Adjusted for sex, dementia, and multiple injuries.

4. Discussion

Our study shows that the level of hematocrit at admission is a strong predictor of
preoperative DVT in older adults with hip fractures. Specifically, hematocrit levels at
admission were nonlinearly associated with preoperative DVT. A hematocrit level of
33.5 vol% was the inflection point in the saturation effect. When the hematocrit level was
<33.5 vol%, the hematocrit level at admission was not a potential risk factor for preoperative
DVT (OR = 1.00), and the severity of low hematocrit was not associated with preoperative
DVT. When the hematocrit level was >33.5 vol%, for each unit increase in hematocrit,
the risk of preoperative DVT decreased by 6% (OR = 0.94). Therefore, a hematocrit level
of 33.5 vol% is a useful indicator to predict preoperative DVT in older patients with hip
fractures. In clinical practice, these findings can be used to identify high-risk patients who
may benefit from specialized care.
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Older adults with hip fractures are prone to DVT events due to advanced age, comor-
bidities (hypertension, heart disease, peripheral vascular disease, cerebrovascular disease),
or risk factors (trauma, surgery, limb immobilization), further aggravating their poor prog-
nosis. According to previous studies, the incidence of preoperative DVT in patients with
hip fracture is 8–34.9%, and the incidence of DVT in patients with delayed surgery can even
reach 62% [9,23,24]. A meta-analysis of 2022 analyzed 9823 patients and found that the
incidence of preoperative DVT in elderly patients with hip fractures was 16.6%. Age, sex,
BMI, low hemoglobin level, time from injury to admission, time from injury to surgery, type
of hip fracture, CHD, dementia, pulmonary disease, kidney disease, smoking, fibrinogen,
C-reactive protein, and albumin were considered independent risk factors for DVT [25].

Patients with polycythemia vera have been shown to be associated with an increased
risk of DVT [26]. A Mendelian randomization study showed that a polygenic risk score for
hemoglobin concentration was positively associated with venous thromboembolism risk
in the general population [27]. Therefore, the hypothesis that detection of Hct levels has
a predictive effect on the occurrence of DVT in elderly hip fractures has strong biological
plausibility. The relationship between hematocrit levels and DVT incidence has previously
been studied. A prospective study in Norway evaluating 26,108 adults showed that
subjects with a hematocrit in the upper 20th percentile had a 1.5-fold higher risk of total
DVT compared with subjects with a hematocrit in the lowest 40th percentile [19]. A
case–control trial by Vayá et al. found that the proportion of subjects with a hematocrit
greater than 45% was significantly higher in patients with DVT than in healthy controls [28].
A population-based cohort study from Denmark found a U-shaped association between
Hct and VTE, but the association was not statistically significant [29]. A 2020 study showed
that high levels of hematocrit and hemoglobin are associated with an increased long-term
risk of VTE [18]. However, in a population-based longitudinal investigation of the etiology
of thromboembolism, no significant association was reported between the hematocrit
and the incidence of VTE [30]. An earlier case–control study also found no independent
relationship between Hct and VTE [31]. Based on the above controversy, it remains to be
further investigated whether hematocrit is the real cause of DVT or an innocent interloper,
that is, whether the relationship between the two is causal or whether the relationship is
confounded by other confounding factors [32].

Previous studies have been based on the general population. Results based on the
general population are generally considered to have limited significance for specific popu-
lations. To our knowledge, this is the first study to investigate the relationship between
hematocrit levels at admission and preoperative DVT in geriatric hip fractures. The preva-
lence of preoperative DVT in these patients is high (32%). We believe that previous studies
may have underestimated the incidence of DVT. It is possible that the symptoms of hip
fracture can mask the clinical signs and symptoms of DVT [33]. In this study, we estab-
lished an association using curve fitting and found a saturation point and, therefore, a
meaningful prediction point. Our study showed that hematocrit levels <33.5 vol% were not
associated with preoperative DVT, whereas hematocrit levels at admission of >33.5 vol%
were associated with preoperative DVT. Furthermore, according to the current anemia
criteria, our study supports that anemia is a risk factor for developing DVT, and higher
levels of HCT are associated with a lower risk of DVT.

To avoid the impact of COVID-19 on patient admission [34] and for a more accurate as-
sessment of the relationship between hematocrit levels at admission and preoperative DVT,
we performed linear regression on the adjusted model and comprehensively considered
the variables that needed to be adjusted. Factors with p < 0.1 in the univariate analysis and
factors included in previous studies were considered. Specifically, we used a sensitivity
analysis of the trend test in the linear model. In addition, we considered the association of
the curve and found a clinical saturation effect and an inflection point. Curve fitting was
more suitable than linear fitting to explain the association between admission hematocrit
levels and preoperative DVT.
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Despite the large sample size and the many methods used to explain the relationship
between variables and preoperative DVT, this study had several limitations. First, as
with every other multivariate analysis, we were unable to include all confounding factors.
Therefore, the residual confounding factors remained. Second, due to the limitations of the
retrospective study design, we could not assess the progression of Hct levels over time.
Third, our study was a single center study; all samples were from the same hospital, and
hematocrit levels were strongly associated with region and ethnicity [35]. Therefore, these
results should be interpreted with caution and the inference points for other ethnicities
should be redefined.

In conclusion, hematocrit levels at admission were nonlinearly associated with pre-
operative DVT, and the hematocrit level at admission was a risk indicator of preoperative
DVT. However, the severity of low hematocrit was not associated with preoperative DVT
when the hematocrit was <33.5 vol%.
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Abstract: For patients with spinopelvic dissociation (SPD), triangular osteosynthesis is the current
method for the fixation of the posterior pelvis. This study aimed to assess the recovery process
and radiographic parameters associated with the functional outcomes in patients with SPD treated
by triangular osteosynthesis. We collected data from 23 patients with SPD. To investigate the key
aspect regarding the functional outcomes of these patients, we measured pre- and post-operative
parameters, and a statistical analysis adjusted for age, gender, and time windows was used. The
radiographic displacement measurement in the pre-operative period showed that the EQ−5D−5L
increased by 2.141 per outlet ratio unit. The EQ−5D−5L increased by 1.359 per inlet ratio unit and
1.804 per outlet ratio during the postoperative period. The EQ−VAS increased significantly only with
the inlet ratio in the postoperative period (1.270 per inlet ratio). A vertical reduction in SPD during
the surgery can achieve more satisfactory outcomes than a horizontal anatomical reduction, in which
the horizontal displacement causes inferior functional outcomes.

Keywords: spinopelvic dissociation; triangular osteosynthesis; functional outcome

1. Introduction

Spinopelvic dissociation (SPD) is associated with transverse sacral fractures, which
cause the dissociation of the sacrum from the pelvis [1,2]. It is associated with 3% of trans-
verse sacral fractures and 3% of sacral fractures are associated with pelvic ring injuries [3].
SPD is well known for its high mortality and comorbidities such as nerve root injuries [4].
When SPD is correctly diagnosed and appropriately treated, patient outcomes can be opti-
mized [5]. However, a high level of consensus and a unified approach for dealing with this
complex issue are lacking.

The traditional fixation methods for the posterior pelvic ring include tension band
transiliac plate fixation, local plate fixation, open or percutaneous ilio-sacral screw fixation,
and transiliac bars, which do not guarantee postoperative stability and may result in
fixation failures [6,7]. In recent years, surgeons have used triangular osteosynthesis (TOS)
in combination with the surgical technique of unilateral L5 fixation using S2AI or iliac
screws for SPD treatment, and the literature indicates that these patients show satisfactory
postoperative function and radiological outcomes [8]. With or without a combination of
bilateral or dual iliac screw fixation techniques [9], TOS is a reliable form of fixation that
enables early weight-bearing while preventing the loss of reduction [9–12]. In addition,
compared with traditional surgical methods, its complication rate is low [3,5] (Figure 1A–F).
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Figure 1. (A–F) Pre- and postoperative radiography and CT images of a 21-year-old woman who
fell from a bridge and developed bifrontal EDH, facial bone fractures, and bilateral sacral fractures
with spinopelvic dissociation that were presented in the emergency room. (A) AP view of the pelvis
on admission showing bilateral fracture lines on the sacrum; (B) lateral view of the sacral spine
view on admission showing fracture lines on the sacrum, indicating displaced fragments over the
fracture site; (C) axial CT view of the sacrum demonstrating bilateral fracture lines indicating U-type
sacral fractures; (D) 3D CT view of the sacrum demonstrating a displaced U-shape sacral fracture
(red arrows) and AO/OTA 54C3 type, Denis Zone II sacral fracture; (E) Postoperative AP pelvic
view: the sacral fracture was stabilized by bilateral triangular osteosynthesis with S2AI screws.
(F) Postoperative lateral view of the sacral spine: The trajectory of S2AI screws was set under O-arm
navigation to obtain an optimal length. Abbreviations: EDH = epidural hematoma, CT = computed
tomography, and AP = anteroposterior.

Currently, a radiographic assessment remains the standard peri-operative measure-
ment for displacement and reduction in studies of pelvic fractures. However, there is still a
lack of research investigating the relationship between peri-operative SPD and prognosis
from the perspective of radiology in patients with SPD who underwent reduction and
fixation by TOS using S2AI screws. Though the measurement of outcomes is difficult
and the level of evidence in this area is poor, this article revealed three such methods for
measuring radiographic displacement [11,13,14].

This study aimed to investigate the recovery time course and imaging parameters
relevant to the functional recovery of patients with SPD treated by TOS.

2. Materials and Methods

2.1. Patient Selection and Classification

This is an observational, retrospective study. From August 2018 to September 2021,
29 patients with SPD were recruited. One was excluded due to severe spinal cord injuries,
and five were lost to follow-up in our orthopedic clinic department. Complete series of
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pre-and post-operative radiographs were collected from the remaining 23 patients who
suffered pelvic fractures with SPD treated by TOS fixation using the S2AI screw fixation
technique. To make the procedure more appropriate and to obtain an optimal length
and deflection angle, we set the trajectory of the S2AI screws under O-arm navigation
(Figure 2A–F) [15]. These patients were postoperatively followed-up for a minimum of
one year in the clinic as a single cohort. The study protocol was approved by the Research
Ethics Committee of the China Medical University Hospital, Taichung, Taiwan (protocol
ID: CMUH108−REC3−144) and conducted in accordance with the ethical principles of the
Helsinki Declaration. The inclusion criteria include skeletally mature patients who suffered
pelvic fractures with SPD treated by TOS fixation. Based on the anatomic relationship
between the fracture site and the sacral neural foramen, Denis et al. classified sacral
fractures into three types. Roy-Camille et al. classified transverse sacral fractures of the
Denis III zone into three subtypes based on the degree of displacement and the traumatic
mechanism [16,17]. In this study, most patients were in Denis zones I and II.

 

Figure 2. (A–F) Pre- and postoperative radiography and CT images of a 56-year-old man who was
hit by a vehicle and had right superior and inferior rami fractures, a right L5 transverse process
fracture, and a right sacral fracture with spinopelvic dissociation. The associated injury included a
left femoral shaft fracture, right femoral shaft segmental fracture, and left medial malleolar fracture.
(A) Axial CT view of the sacrum on admission demonstrating fracture lines (yellow arrows) over the
right L5 transverse process; (B) coronal CT view of the sacrum on admission demonstrating fracture
lines (yellow arrows) over the right sacrum; (C) 3D CT view of the pelvis showing right superior and
inferior rami fractures (yellow arrows), a right L5 transverse process fracture (yellow arrows), and a
right AO/OTA 61C1.3 and 54B3 type, Denis Zone II, sacral fracture (yellow arrows); (D) with the
assistance of O-arm navigation, the optimal trajectory of the S2AI screw was set (O-arm and Stealth
Station S7 Surgical Navigation System, Stryker); (E) postoperative view of the inlet pelvis—the sacral
fracture was stabilized by triangular osteosynthesis with S2AI screws, and the right superior rami
fracture was reduced and fixed with a pre-contoured locking plate; (F) postoperative lateral view of
the sacral spine. Abbreviations: CT = computed tomography.
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2.2. Radiographic Methods

To assess the imaging parameters associated with the functional recovery, we used
three radiographic methods and three functional outcome questionnaires in this study.

Three experienced orthopedic trauma surgeons collaborated on this measurement plan
and independently measured radiographic features. For measurements using computer-
based-reading methods, each observer was given an identical set of images (pre- and
postoperative anteroposterior (AP), outlet, and inlet views). This study aimed to investigate
the correlation between radiological measurements and the functional outcome. Three
previously published radiographic measurement methods were chosen. Each observer was
provided with a set of images (23 patients and six images per patient) and received the
same instructions for measurement, including three radiographic measurement methods,
which are described below (Table 1).

Table 1. Radiographic measurement methods for assessment of displacement and symmetry for
pelvic fracture with spinopelvic dissociation.

Authors Methods Description

Sagi et al., 2009 Inlet and outlet ratio Method
(Sagi Method) [11]

On the inlet view, we drew a line across the anterior border of the
sacrum, perpendicular to the spinous processes. The perpendicular
distance from this line to the subchondral bone of each acetabulum
was measured, and a ratio was then calculated, with the affected side
of pelvis set as the numerator. A similar ratio was obtained for the
outlet view by drawing a line parallel to the superior end plate of S1,
perpendicular to the spinous processes. The perpendicular distance
from the reference line to the subchondral bone of each acetabulum
was measured, and a ratio was then calculated, with the affected side
of pelvis set as the numerator (Figure 3).

Keshishyan et al., 1995 Cross measurement method
(Keshishyan Method) [14]

The measurement method described by Keshishyan et al. for
assessing the displacement of pelvic ring continuity in children used
only the AP pelvic view. Originally, this method was applied for
skeletally immature patients and measures the distance from the
inferior aspect of the sacroiliac (SI) joint to the contralateral triradiate
cartilage. We used the modified method described by Lefaivre et al.
to assess our adult patients. Observers were instructed to measure
from the inferior SI joint (iliac side) to the inferior aspect of the
teardrop in the AP pelvic view. “Y” was the length from the left SI
joint to the right teardrop, and “X” was the opposite. Observers were
instructed to measure the distance using the measuring software. We
then calculated the ratio (X/Y) to standardize the baseline of
comparison of the displacement (Figure 4).

Lefaivre et al., 2009 Absolute displacement
method (ADM) [13]

This method was initially proposed by Lefaivre et al. in 2009.
Observers were instructed to use preoperative pelvic AP, inlet, and
outlet views. In each view, a horizontal line was drawn across the
superior end plate of L5 as a reference line. If this was not visible in
the film, the observers were asked to use the inferior end plate of L5
as a reference. Measurements were either parallel or perpendicular to
this reference line. This line was used as the direction for horizontal
measurements, or a line 90 degrees to this reference line was used for
vertical measurements. Maximum displacements in the anterior and
posterior pelvic rings were measured in each plane film. After
completing the six measurements of the three preoperative films
(anterior and posterior rings in each of the AP, outlet, and inlet
views), the observers were instructed to measure the same anatomic
locations in the postoperative plane films. Finally, the largest single
measurements from the six preoperative and postoperative
measurements were considered the preoperative and postoperative
maximum displacements, respectively (Figure 5A,B).
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Figure 3. The inlet and outlet ratio are calculated (DA/DU) with the pelvic inlet and outlet views.
The solid lines refer the reference lines, and the dashed lines refer measured lines. The Abbreviations:
DA = distance of affected side; DU = distance of unaffected side.

 

Figure 4. The cross−measurement method is illustrated with an example image.

Figure 5. (A,B) The absolute displacement method (ADM). The example image illustrated the
measurement of vertical displacement in pelvis AP view pre- and post-operatively. (A) Pre-operative
pelvis AP view. (B) Post-operative pelvis AP view. The reference lines are solid, and the measured
lines are dashed. The Abbreviations: VDPRE = the pre-operative vertical displacement; VDPOST =
the post-operative vertical displacement.

2.3. Statistical Methods

Numbers (percentages) were used to represent the distribution of gender, AO 2018
classification, and Denis zone [16]. The mean (standard deviation [SD]) and median
(interquartile range [IQR]) were used to show the distribution of age, the radiographic dis-
placement measurement (including the inlet ratio, outlet ratio, deformity index, asymmetry,
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deformity ratio, vertical displacement [VD], and horizontal displacement [HD]) in pre-
and postoperative periods, VD change (preoperative minus postoperative values), and HD
change (preoperative minus postoperative values). Generalized estimating equations (GEE)
were used to estimate differences in outcomes (including the EQ−5D−5L [18], EQ−VAS,
and Majeed pelvic scores [19]) among different time windows. The model was adjusted for
age and gender. We also used the GEE model to assess the association between outcomes
and different radiographic displacement measurements. The model was adjusted for age,
gender, and time windows.

3. Results

As shown in Table 2, a total of 23 patients were enrolled in this study. There were
15 men and 8 women (65.2% vs. 34.8%), and the mean age was 47.8 (19.3) years. More than
half of the patients were in the 61C1 (60.9%) category according to the AO 2018 classification,
followed by those in the 61C3 (26.1%), 61C2 (8.70%), and 62C2 (4.35%) categories.

Table 2. Patients’ characteristics (n = 12).

Variable n (%)

Men 15 (65.2%)
Women 8 (34.8%)

AO 2018 classification
61C1 14 (60.9%)
61C2 2 (8.70%)
61C3 6 (26.1%)
62C2 1 (4.35%)

Denis zone
I 10 (43.5%)
II 10 (43.5%)
III 3 (13.0%)

Mean (SD) Median (IQR)

Age (years) 47.8 (19.3) 47.0 (32.0)

Preoperative
Inlet ratio 0.90 (0.07) 0.91 (0.11)

Outlet ratio 0.96 (0.10) 0.85 (0.10)
Deformity index 0.04 (0.04) 0.04 (0.05)

Asymmetry 12.6 (11.0) 10.6 (13.1)
Deformity ratio 0.94 (0.10) 0.94 (0.10)

VD 14.9 (14.7) 12.6 (13.3)
HD 13.0 (13.7) 6.65 (18.3)

Postoperative
Inlet ratio 0.92 (0.07) 0.92 (0.06)

Outlet ratio 0.91 (0.08) 0.92 (0.11)
Deformity index 0.05 (0.06) 0.04 (0.05)

Asymmetry 11.9 (9.71) 10.1 (15.0)
Deformity ratio 0.91 (0.10) 0.93 (0.10)

VD 6.99 (11.1) 4.33 (9.90)
HD 7.33 (8.75) 3.81 (13.4)

VD change 7.46 (5.22) 7.73 (7.12)
HD change 7.63 (5.25) 7.95 (7.33)

Abbreviations: SD = standard deviation, IQR = interquartile range, VD = vertical displacement, and HD =
horizontal displacement.

As time progressed, the functional outcomes improved, and the patients returned to a
near-normal life within one year. The EQ−5D−5L score increased with time, from 0.14 at
6–8 weeks to 0.94 at one year. The differences for the time trend were 0.32 in the crude GEE
model (95% confidence interval [CI]: 0.25, 0.39) and 0.31 in the adjusted GEE model (95%
CI: 0.25, 0.37) (Table 3, Figure 6). The EQ−VAS and Majeed pelvic scores also increased
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with time. The differences for the time trend were 0.17 for the EQ−VAS (95% CI: 0.14, 0.30)
and 0.20 for the Majeed pelvic score in the adjusted GEE model (95% CI: 0.18, 0.22).

Table 3. Distribution of outcomes among time windows.

EQ−5D−5L EQ−VAS Majeed Pelvic Score

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

Time window
6–8 weeks 0.14 (0.43) 51.2 (11.7) 49.2 (9.32)
3 months 0.46 (0.28) 63.7 (15.9) 60.1 (13.2)
6 months 0.74 (0.16) 77.5 (15.9) 77.5 (15.2)

1 year 0.94 (0.09) 92.3 (9.32) 94.5 (8.12)
Crude estimated (95% CI) 0.32 (0.25, 0.39) 0.17 (0.14, 0.20) 0.20 (0.18, 0.22)

p-value <0.0001 <0.0001 <0.0001
* Adjusted estimated

(95% CI) 0.31 (0.25, 0.37) 0.17 (0.14, 0.20) 0.20 (0.18, 0.22)

* p-value <0.0001 <0.0001 <0.0001
* Adjusted for age and gender in the GEE model. Abbreviations: SD = standard deviation, CI = confidence interval,
and GEE = Generalized estimating equations.

 

Figure 6. EQ−5D−5L, EQ−VAS, and Majeed pelvic scores over time.

In this study, three image-evaluation methods, including the measurement of the
inlet–outlet ratio, the cross−measurement method, and ADM, were used pre-and postoper-
atively. The association between the EQ−5D−5L score and the radiographic displacement
measurement is presented in Table 4. For the preoperative radiographic displacement
measurements, the EQ−5D−5L score increased by 2.141 per outlet ratio unit (95% CI: 0.041,
4.241). In the postoperative period, the EQ−5D−5L score increased by 1.359 per inlet ratio
unit and 1.804 per outlet ratio (95% CI: 1.301, 2.307) but decreased by 0.01 per HD (95% CI:
−0.018, −0.002) after adjusting for age, gender, and the follow-up time. This shows that
changes in the horizontal direction are more correlated with EQ−5D−5L recovery.
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Table 4. Association between EQ−5D−5L scores and measurements in the GEE model.

Variable
Crude Estimated

(95% CI)
p-Value

* Adjusted Estimated
(95% CI)

** p-Value

Preoperative
Inlet ratio 0.948 (−1.492, 3.388) 0.446 1.013 (−0.275, 2.300) 0.123

Outlet ratio 2.409 (0.838, 3.981) 0.003 2.141 (0.041, 4.241) 0.046 **
Deformity index 1.530 (−0.359, 3.419) 0.112 0.614 (−1.428, 2.656) 0.556

Asymmetry 0.005 (−0.005, 0.014) 0.327 0.002 (−0.007, 0.010) 0.728
Deformity ratio 0.344 (−0.936, 1.623) 0.599 −0.314 (−1.121, 0.493) 0.446

VD 0.002 (−0.002, 0.007) 0.371 −0.002 (−0.006, 0.003) 0.461
HD −0.001 (−0.009, 0.008) 0.845 −0.002 (−0.010, 0.007) 0.673

Postoperative
Inlet ratio 1.157 (−1.204, 3.519) 0.337 1.359 (0.144, 2.574) 0.028 **

Outlet ratio 1.605 (0.184 3.026) 0.027 1.804 (1.301, 2.307) <0.0001 **
Deformity index 0.755 (−0.219, 1.728) 0.129 −0.994 (−2.093, 0.106) 0.077

Asymmetry −0.007 (−0.019, 0.006) 0.321 −0.008 (−0.019, 0.003) 0.144
Deformity ratio −0.350 (−1.105, 0.405) 0.363 0.651 (−0.005, 1.301) 0.052

VD 0.003 (−0.003, 0.009) 0.365 −0.004 (−0.010, 0.002) 0.215
HD −0.009 (−0.020, 0.002) 0.105 −0.010 (−0.018, −0.002) 0.010 **

VD change 0.009 (−0.011, 0.029) 0.388 0.008 (−0.008, 0.023) 0.331
HD change 0.006 (−0.014, 0.027) 0.544 0.007 (−0.009, 0.022) 0.402

* Adjusted for age, sex, and time window. ** p-values < 0.05 represent statistical significance. Abbreviations: GEE
= Generalized estimating equations, CI = confidence interval, VD = vertical displacement, and HD = horizontal
displacement.

The association between the EQ−VAS score and the radiographic displacement mea-
surements is shown in Table 5. The association was significant only with the inlet ratio in
the postoperative period. The EQ−VAS score increased by 1.270 per inlet ratio (95% CI:
0.093, 2.447) in the adjusted GEE model. However, there were no significant associations
between the Majeed pelvic score and any of the radiographic displacement measurements
(Table 6).

Table 5. Associations between the EQ−VAS score and measurements in the GEE model.

Variable
Crude Estimated

(95% CI)
p-Value

* Adjusted Estimated
(95% CI)

** p-Value

Preoperative
Inlet ratio 0.733 (−1.173, 2.640) 0.451 0.463 (−0.393, 1.318) 0.289.

Outlet ratio 1.299 (0.591, 2.008) 0.0003 0.330 (−0.240, 0.900) 0.256
Deformity index 1.122 (−0.830, 3.073) 0.260 0.623 (−1.076, 2.322) 0.472

Asymmetry 0.002 (−0.009, 0.013) 0.700 0.001 (−0.008, 0.009) 0.822
Deformity ratio 0.464 (−0.881, 1.810) 0.499 −0.308 (−0.957, 0.341) 0.353

VD 0.003 (−0.004, 0.009) 0.453 −0.0007 (−0.004, 0.03) 0.693
HD −0.002 (−0.008, 0.005) 0.593 −0.002 (−0.007, 0.003) 0.377

Postoperative
Inlet ratio 1.233 (−0.879, 3.345) 0.252 1.270 (0.093, 2.447) 0.034 **

Outlet ratio 0.551 (−0.047, 1.549) 0.279 0.455 (−0.365, 1.274) 0.277
Deformity index 1.027 (0.017, 2.037) 0.046 −0.383 (−1.042, 0.276) 0.255

Asymmetry −0.004 (−0.014, 0.006) 0.432 −0.003 (−0.009, 0.004) 0.459
Deformity ratio −0.460 (−1.316, 0.396) 0.292 0.203 (−0.184, 0.590) 0.303

VD 0.005 (−0.002, 0.011) 0.197 −0.0002 (−0.004, 0.003) 0.927
HD −0.003 (−0.009, 0.004) 0.436 −0.004 (−0.010, 0.001) 0.130

VD change −0.003 (−0.026, 0.019) 0.779 −0.005 (−0.022, 0.012) 0.572
HD change −0.005 (−0.027, 0.018) 0.688 −0.005 (−0.023, 0.012) 0.555

* Adjusted for age, sex, and time window; ** p-values < 0.05, representing statistical significance. Abbreviations:
GEE = Generalized estimating equations, CI = confidence interval, VD = vertical displacement, and HD =
horizontal displacement.
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Table 6. Association between the Majeed Pelvic Score and measurements in the GEE model.

Variable
Crude Estimated

(95% CI)
p-Value

* Adjusted Estimated
(95% CI)

** p-Value

Preoperative
Inlet ratio 0.937 (−0.463, 2.337) 0.190 0.714 (−0.134, 1.562) 0.099

outlet ratio 0.790 (0.038, 1.542) 0.040 0.009 (−0.579, 0.600) 0.977
Deformity index 0.618 (−1.354, 2.589) 0.539 0.030 (−1.932, 1.991) 0.976

Asymmetry 0.0004 (−0.010, 0.011) 0.942 −0.001 (−0.010, 0.008) 0.763
Deformity ratio 0.168 (−0.772, 1.108) 0.726 −0.207 (−0.811, 0.396) 0.501

VD 0.0004 (−0.004, 0.004) 0.856 −0.001 (−0004, 0.003) 0.586
HD −0.001 (−0.008, 0.006) 0.868 −0.001 (−0.007, 0.005) 0.716

Postoperative
Inlet ratio 1.126 (−0.414, 2.665) 0.152 0.871 (−0.376, 2.117) 0.171

outlet ratio 0.528 (−0.238, 1.294) 0.177 0.342 (−0.422, 1.105) 0.381
Deformity index 0.186 (−0.628, 1.000) 0.654 −0.641 (−1.415, 0.133) 0.105

Asymmetry −0.005 (−0.013, 0.003) 0.201 −0.003 (−0.010, 0.003) 0.322
Deformity ratio −0.038 (−0.612, 0.535) 0.896 0.365 (−0.090, 0.820) 0.115

VD 0.001 (−0.003, 0.005) 0.582 −0.001 (−0.005, 0.002) 0.441
HD −0.004 (−0.010, 0.002) 0.171 −0.004 (−0.010, 0.002) 0.199

VD change −0.002 (−0.025, 0.021) 0876 −0.003 (−0.023, 0.017) 0.794
HD change −0.003 (−0.026, 0.020) 0.814 −0.003 (−0.023, 0.018) 0.798

* Adjusted for age, sex, and time window; ** p-values < 0.05, representing statistical significance. Abbreviations:
GEE = Generalized estimating equations, CI = confidence interval, VD = vertical displacement, and HD =
horizontal displacement.

4. Discussion

The present study revealed that the displacement of SPD in spinopelvic fixation pro-
vides good vertical reduction results. During surgery, a reduction in the vertical direction
is easier to achieve by fluoroscopy. A vertical anatomical reduction is often mentioned and
highlighted for the treatment of unequal feet. A vertical displacement causes differences in
the lower extremities, abnormal motor gaits, and lower Majeed scores.

It is sometimes difficult to achieve a perfect horizontal reduction due to comminuted
sacroiliac fractures or an indirect reduction in the sacroiliac joints with complex anatomical
structures radiologically.

Regarding horizontal reduction, the analysis showed that patients with a short-term
follow-up showed a lower tolerance for postoperative horizontal displacement. Only a
few studies have focused on the relationship between the inferior quality of horizontal
displacement reduction and unsatisfying functional outcomes. We believe that the inferior
quality of the horizontal reduction results in a change in the lever arm of the peak moment
of the hip, which causes greater work in terms of hip abduction, adduction, flexion, and
extension in the affected side in patients with SPD (Figure 7). As a result, the centroid
experiences a mid-lateral shift, which may increase the metabolic cost and mechanical work
of the lower extremities [20,21]. With rehabilitation, patients improved their function over
time, but the change of the lever arm may contribute to unsatisfaction, increasing metabolic
costs, and increased mechanical work in the short term postoperatively. No significant
correlation was found in the asymmetric index. This could be because the integrity of the
pelvic ring was restored postoperatively, while the SI joint was left without a complete
reduction.
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Figure 7. Coronal view of the hip illustrating the change of the lever arm around the hip’s center.
When we set the hip’s center as a fulcrum, there are two opposing forces across the hip’s center: the
body weight (white arrow) and abductor muscles (gray arrow). The lever arm for body weight is
longer. In patients with SPD, horizontal displacement of the hip’s center often extends the lever arm
for body weight, causing increased work to balance the moment.

Our results revealed that the patient’s function will return to normal in one year.
The postoperative gait analyses of patients with various pelvic ring fractures by Kubota
et al. [22,23] showed that there was a complete recovery of peak hip abduction, and
a partial recovery of peak hip extension and hip strength were noted at the 12-month
follow-up. The horizontal displacement of the pelvis may affect the offset change of the
hip joint, which is associated with abductor function. Dean et al. [24] concluded that
patients with type C pelvic fractures had weaker hip abductor strengths, lower peak hip
abduction moments, slower walking speeds, lower peak hip abductions, and lower peak
hip extensions in the short-term after the surgery; however, at the 12-month follow-up,
the bilateral hip strength (abduction, adduction, flexion, and extension), bilateral peak hip
moment (abduction, adduction, flexion, and extension), peak hip power, or walking speed
did not differ between groups. We reasoned that an insufficient hip abduction strength
may in turn lead to differences in short-term functional outcomes [22–24].

There is no perfect assessment tool, and the measurements of pelvic radiographs have
not yet been well validated [25]. This is the first study to connect functional outcomes
to radiological assessments. We found that the questionnaires and assessment tools for
functional outcomes were often subjective and generalized; therefore, currently, we can
hardly ascribe the unsatisfying hip function to the postoperative horizontal residual dis-
placement. Although reduction is important, the evaluation of the association between the
radiological displacement and functional outcomes requires better tools. In patients with
SPD, there will be multi-axial displacements, including horizontal, vertical, and rotational
displacements. The plain radiographs could only reveal the measurement of horizontal or
vertical displacements, whereas the rotational displacement could be assessed by CT. It is
reported that CT or three-dimensional reconstruction-based displacement measurements
of pelvic ring injury displacement may provide a more accurate assessment [26].

This study had some limitations. First, a tomographic analysis is warranted to assess
the rotation, but a customized view along the long axis of the pelvic bone is required for
a correct assessment. Second, this was a single-center, observational, retrospective study
with a small number of participants. However, as patients suffering from pelvic fractures
with SPD are relatively rare, greater-scale research is difficult to carry out. To improve
patients’ functional outcomes and satisfaction, this study sets a template for future research
focusing on this topic. Further studies with more patient data would help to improve
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the understanding of the correlation between the functional outcomes and reductions in
different dimensions.

5. Conclusions

TOS is a powerful fixation technique for patients with SPD. We achieved the vertical re-
duction in SPD more easily through fluoroscopy during the operation than with horizontal
anatomical reduction, while horizontal displacement caused inferior satisfaction.
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Abstract: Injury to the triangular fibrocartilage complex (TFCC) is one of the most common com-
plications following a fracture of the distal radius. In this study, an examination of TFCC injuries
in patients with distal-radius fractures was conducted using magnetic-resonance imaging (MRI);
the aim of the study was to analyze the prevalence of TFCC injury as well as to suggest acceptable
radiologic parameters for use in prediction of the injury pattern. Fifty-eight patients with distal-radius
fractures who underwent MRI prior to undergoing open-reduction surgery between April 2020 and
July 2021 were included in this study. An analysis of various radiologic parameters, the fracture
type, and the MRI classification of TFCC injuries was performed. Radiologic parameters were used
in the evaluation of distal radioulnar joint (DRUJ), radial shortening, and the dorsal angularity of
the fracture. All of the patients in this study had definite traumatic TFCC injuries. A statistical
relationship was observed between the radial length gap between the intact wrist and the injured
wrist, which represents relative radial shortening, and the pattern of TFCC injury. In conclusion, the
shortening of the distal radius, causing peripheral soft tissue of the ulnar side to become tauter, is
highly relevant with regard to the pattern of TFCC injury. However, because no data on the clinical
outcome were utilized in this study, it is lacking in clinical perspective. The conduct of further studies
on patients’ clinical outcome will be necessary.

Keywords: distal-radius fracture; triangular fibrocartilage complex injury; magnetic-resonance-
imaging study; radial length; open reduction

1. Introduction

Distal-radius fracture (DRF), one of the most common fractures occurring in elderly
people, accounts for approximately 18% of fractures in patients older than 65 years [1,2].
Triangular fibrocartilage complex (TFCC) tear, the injury most associated with unstable
distal-radius fractures, has been reported in 39% to 84% of cases [2,3]. This concomitant
injury may contribute to the development of chronic wrist pain, decreased grip strength,
and restricted motion [4].

Better visualization and diagnosis of TFCC injury can be achieved by use of arthro-
scopic examination; however, it is not a standardized test for use in all patients with
distal-radius fractures [5,6]. Although MRI scanning is used for diagnosis of TFCC injuries,
MRI testing is not performed routinely in all patients with distal-radius fractures at the
time of the injury [7]. Instead, the test is recommended for patients who have symptoms
related to TFCC injury after the fracture treatment has ended, which can cause a delay in
the treatment of the injury.

Some studies using MRI in patients with DRF have demonstrated the prevalence of
TFCC injuries; however, studies on the pathomechanism of TFCC injuries concomitant to
DRF have rarely been reported [7]. According to findings from previous studies, radiologic
features such as the fracture pattern, the magnitude of displacement, and the presence
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of an ulnar styloid fracture may be independent predictors of TFCC injuries related to
DRF [2,8,9]. This study hypothesized that performing an analysis of radiologic parameters
in MRI studies of patients with DRF may foster an understanding of the pathomechanism
of TFCC injuries.

The purpose of this study is to a conduct radiographic examination and MRI studies
in order to determine the fracture mechanism of distal-radius fracture and the prevalence
and the pathomechanism of TFCC injuries concomitant to fracture.

2. Materials and Methods

Sixty-three patients underwent surgical management for the treatment of distal-radius
fracture in a single fellowship-training hospital between March 2020 and July 2021. In-
clusion criteria were patients who underwent open reduction and internal fixation of the
fracture. Patients younger than 18 years old and those who had previously occurring arthri-
tis of the wrist or degenerative TFCC injuries on the affected wrist were excluded. Those
patients underwent MRI scanning, and five patients who refused the test were excluded, so
that 58 patients were finally included in this study (Figure 1).

Figure 1. Patient’s flow chart. Patient profiles and the groups included in the study. MRI, magnetic-
resonance imaging.

An analysis of simple radiographic parameters (the radial inclination, the radial length,
the distal radioulnar joint (DRUJ) gap, the sagittal/radial transition ratio, the DRUJ gap
on the unaffected wrist, and the presence of a distal ulnar fracture) and patterns of TFCC
injury in the MRI scan was performed by two orthopedic surgeons using the Palmar
classification. Regarding the classification of fractures, the Fernandez classification and the
AO/OTA classification were used in defining the mechanism of injury and the fracture
pattern, respectively. Other assessments included general demographics and underlying
osteoporotic disease.

A standard 4 view x-ray of the injured wrist, and AP and lateral views of the uninjured
side were obtained for all patients. Measurement of the DRUJ gap distance was performed
on both sides in order to better evaluate widening of the DRUJ. The DRUJ distance was
defined as the maximum distance between either the volar or dorsal cortical rim of the
sigmoid notch of the radius and the ulnar head. The radial translation ratio was calculated
as the fraction of the DRUJ gap distance relative to the radioulnar width of the proximal
fracture fragment. On the lateral X-ray, the sagittal translation was defined as the distance
between the volar cortex of the radius shaft and the volar cortical margin of the distal
fracture fragment. The sagittal translation ratio was calculated as the fraction of the sagittal
translation to the AP width of the proximal fracture fragment [2,8].
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The articular involvement of the fracture and the presence of an ulnar styloid fracture,
which was then classified as a tip, middle, or base fracture each separating 1/3 of the ulnar
styloid, was evaluated in this study. In addition, ulnar styloid fracture was classified as
type 1,2,3 each corresponding to distal to base where the superficial horizontal fibers of the
TFCC are inserted, base fracture and proximal to the base fracture, respectively [9,10].

The radial length was defined as the distance between two lines drawn perpendicular
to the long axis of the radius on the AP projection from the apex of the radial styloid and
the level of the ulnar aspect of the articular surface. The radial length was measured on the
uninjured wrist, and the radial length gap between both sides of the wrist was obtained for
the evaluation of the pure radial shortening distance (Figure 2).

Figure 2. Radiologic parameter measurement technique. (A) Radial length. (B) Radial inclination.
(C) DRUJ distance. (D) Fracture site width. (E) Dorsal angulation. (F) Sagittal translation. (G) An-
teroposterior width. Radial translation ratio = C/D, Sagittal translation ratio = F/G. DRUJ, distal
radioulnar joint.

An MRI examination of the injured wrist was performed on all patients using a
3.0 T MRI scanner (Magnetom 3.0 T, Siemens, Munich, Germany/Ingenia 3.0 T, Philip,
Amsterdam, The Netherlands). Statistical analysis was performed using the SPSS statistical
package (Version 22.0; IBM, Armonk, NY, USA). The Chi-square test was used for the
evaluation of categorical variables, and the T-Test was used for the evaluation of continuous
variables. The level of significance was set as p value < 0.05.

3. Results

The mean age of the patients was 65.21 years (range: 19–89 years; 15 male and 43 fe-
male); 15 men and 43 women were included in the study (Table 1). One patient was injured
by a direct hit on the wrist, while other patients were injured by the fallen-onto-outstretched-
hand (FOOSH) mechanism. According to the data from AO/OTA classification, 16 patients
had A2 fractures; 8 patients had A3 fractures; 4 patients had B3 fractures; and 4, 8, and
12 patients had C1, 2, and 3 fractures, respectively (Table 2). According to the Fernandez
classification, 29 patients had type I fractures, and 4, 12, and 13 patients had Type II, III,
and V fractures. Twenty-six patients showed widening of the DRUJ gap compared to the
unaffected wrist. Associated distal ulnar fractures were detected in 38 patients (65%). All
patients in this study had a definite traumatic TFCC injury; 1A (n = 5), 1B (n = 19), 1C
(n = 33), and 1D (n = 1).
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Table 1. Demographic data.

Index
TFCC Pattern Relevance

(p Value)

Index age (average) 65.21 >0.05
Gender (male:female ratio) 8:2 >0.05

BMI (average) 24.05 >0.05
Osteoporosis (%) 37.9 >0.05

BMI: body mass index; TFCC: triangular fibrocartilage complex.

Table 2. TFCC injury pattern.

TFCC Injury Pattern
(Palmar Classification)

N

1A 5
1B 19
1C 33
1D 1

N: number; TFCC: triangular fibrocartilage complex.

No significant relationship was observed between fracture classification (AO/OTA,
Fernandez) and types of TFCC injury (Palmar classification): AO/OTA, Fernandez (Table 3).
Intra-articular fracture involvement, and the presence of an ulnar styloid fracture, had
no significant effect on the type of TFCC injury: articular involvement (p > 0.05) and
ulnar styloid fracture (p > 0.05). Type lC TFCC injuries were significant in patients with
osteoporosis, compared with other groups (p < 0.01). Regarding age-related statistics, more
Type 1C injuries were observed in significantly older patients than in younger patients
(p < 0.01).

Table 3. Fracture classification with TFCC injury pattern.

Palmar Classification

1A 1B 1C 1D Total

AO/OTA classification
A2 2 5 9 1 17
A3 0 5 6 0 11
B3 1 2 1 0 4
C1 1 1 2 0 4
C2 0 4 6 0 10
C3 1 2 9 0 12

Total 5 19 33 1 58
Fernandez classification

1 2 11 15 1 29
2 1 2 1 0 4
3 1 3 8 0 12
5 1 3 9 0 13

Total 5 19 33 1 58
Fracture classification (AO/OTA, Fernandez) had no statistical significance with TFCC injury. (p > 0.05/p > 0.05
respectively). AO, arbeitsgemeinschaft fur osteosynthesfragen; OTA, orthopedic trauma association; and TFCC,
triangular fibrocartilage complex.

For the radiologic parameters, except for the radial length gap, there was no significant
difference in the type of injury (Table 4). The radial length gap between the intact wrist
and the injured wrist showed significant relevance with the pattern of TFCC injury. The
increased radial length gap showed relevance with type lC injuries (p < 0.05).
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Table 4. Radiologic parameter with TFCC injury pattern.

Palmar Classification

Radiologic Parameter 1A 1B 1C 1D p-Value

DRUJ gap −0.014 0.28 0.25 0.07 >0.05
Radial length 6.69 5.25 3.14 11.9 >0.05

Radial length gap 3.53 5.04 6.27 −5.16 <0.05 *
Radial inclination 18.06 14.026 13.982 23.9 >0.05
Dorsal angulation −2.02 5.13 7.84 −15.9 >0.05

Radiologic parameter, except radial length gap had no significant relevance with TFCC injury pattern. DRUJ,
distal radioulnar joint; TFCC, triangular fibrocartilage complex; and *, statistically significant.

4. Discussion

According to a previous study, TFCC injury with an exceeding dorsal angulation of 32′
can be expected [10]. However, in this study, all TFCC injuries were detected, and dorsal
angulation of more than 32′ was detected in only seven of them; there was no statistical
significance with the dorsal angularity of the fracture (p > 0.05). In a cadaveric study, the
displacement of the intact TFCC complex together with the ulnar styloid base fracture
fragment was observed, while TFCC avulsion injuries were detected in patients with ulnar
styloid tip fractures [10]. In this study, however, no correlation was observed between ulnar
styloid fracture and patterns of TFCC injury type.

The ulnocarpal ligaments (ulnolunate and ulnotriquetral ligament) do not insert onto
the ulna but are derived from the anterior part of the TFCC, and they connect the carpus to
the ulnar by the palmar portion of the radioulnar ligament at its origin—the fovea. Type lC
injury is defined as the distal avulsion of the carpal attachment in TFCC. Findings from this
study demonstrated an association of distal avulsion with direct radial shortening, which
contradicts the previously held common belief that increased dorsal angularity makes
the distal avulsion force stronger. When considering the normal variance of ulnar head
positioning, radial length alone in an injured wrist might not represent the degree of radial
shortening. The measurement of radial length discrepancy compared with the intact wrist
should be performed, and a gap of more than 6.3 mm (SD 4.7) might strongly suggest type
lC TFCC injury.

As demonstrated in previous cadevaric studies, ECU subsheath (sECU), an integral
part of the TFCC, provides ulnocarpal stability and appears to precede dorsal and palmar
injuries. In the Bowstring phenomenon, which explains the rupture of sECU, avulsion
injuries of dorsal soft tissues of the TFCC complex are manifested [10,11]. Findings from
other studies have demonstrated that the dorsal angulation of distal-radius fractures causes
the increased traction of palmar ligaments inserting within the foveal region, making them
taut in extension and finally resulting in palmar injuries of the TFCC complex [12]. This
explains the mechanism by which dorsal and palmar injuries can co-exist.

Previous studies have demonstrated an association of TFCC injuries with the degree
of dorsal or volar angulation of the fracture [13,14]. In a cadaver study, sectioned TFCC
resulted in increased dorsal angulation [13]. In this study, TFCC injuries were detected in
all patients; however, there was no significant relationship between the degree of dorsal
angularity and TFCC injury.

The conclusion of this study is that radial compression and the shortening of the
distal radius causes the peripheral tear of the ulnar side, preceding the tear of the palmar
ligament. The “dart-throwing motion” in the injury mechanism of the distal-radius fracture
has been introduced in order to further explain this concept. The dart-throwing-motion
(DTM) plane can be defined as the plane on which the functional oblique motion of the
wrist occurs [15–18]. Geometric anatomical factors, ligament factors, and musculature
factors have been used to explain DTM, the functional ROM that extends wrist function
with radial deviation (so called radial-extension) and flexes with ulnar deviation (so called
ulnar-flexion). Except for one case that had type B TFCC injury—injured caused by a
direct blow from a ball—other patients were injured by the fallen-onto-outstretched-hand
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(FOOSH) mechanism. When considering a dorsal angulated fracture with DTM, the axial
compression force might accompany wrist extension and radial deviation not only with
wrist extension, and vice versa.

Axial loading and radial deviating force during the injury mechanism of distal-radius
fracture causes the shortening of the radial length. Regarding this concept of injury mech-
anism, the findings from this study demonstrated that radial shortening with a dorsally
angulated fracture, regardless of the degree of angulation, increases tension in the soft
tissue of the ulnar side, leading to the dorsal or palmar TFCC injury of the ulnar side.

Radial avulsion injury (D1) was detected in only one case, which showed a volar
angulated fracture and the greatest increase in radial-length distance (Figure 3). In this case,
both distal radioulnar fractures occurred; however, there was greater displacement of the
distal ulnar fracture fragment, which was shortened in length, and the distal radius was
volar angulated. The patient was driving at the time of injury, with her wrist in a flexed
position; as the car came to a sudden stop, she suffered a direct injury from the car handle
with her wrist in a flexed position. In this case, considering DTM, the direct axial force that
was applied while her wrist was in a state of ulnar flexion caused greater displacement
of the distal ulnar fracture. Unlike Colle’s fracture mentioned above, ulnar-deviated and
volar-angulating axial force decreases the tension on the palmar soft tissue of the TFCC
and makes the detachment of sECU from the ulnar side more difficult, thereby transmitting
the axial force to the radial avulsion of the TFCC.

 

Figure 3. Type 1D injury case. Sixty-three year-old female patient injured with her wrist flexed had
AO/OTA type A2 fracture with 15′ volar angulation, showing 5 mm increased radial length gap (A),
and had type 1D TFCC injury with relatively preserved peripheral and distal portion of TFCC (B).
AO: arbeitsgemeinschaft fur osteosynthesfragen; OTA: orthopedic trauma association; and TFCC:
triangular fibrocartilage complex.

MRI tests have been performed in all patients within 1–2 days after visiting our
emergency center. All of the patients took MRI tests within 5 days after injury since some
of them visited our clinic 2–3 days after the initial injury. Using the 3.0 T MRI scanner,
examiners (two orthopedic specialists) could definitely find acute infiltration or the torn
part of the TFCC, which were irrelevant with regard to joint effusion and bone-marrow
edema caused by an acute injury. The final reading paper was by a radiologic specialist who
also reported a definite traumatic tear in every test. This study shows a higher prevalence
of TFCC injury than other studies reported, but because of the relatively poorer sensitivity
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of the MRI test compared to the arthroscopic examination, the possibility of false-positive
results should never be overlooked [6]. Arthroscopic examination facilitates the reduction
in intra-articular fracture, and it is a standard study for evaluating concomitant injury
involving TFCC tear after DRF [5,6,9]. However, in this study, routine arthroscopy was
not performed because patients did not fully consent to having an additional arthroscopic
procedure involving general anesthesia (this procedure was not cost-efficient according to
the Korean insurance system).

This study has several limitations. First, data on the clinical outcome were not utilized.
TFCC injury is the most associated secondary injury after distal-radius fracture; however,
because both of these injuries are mostly self-limiting or easily overcome with conservative
management, including physical therapy or medication, treatment after healing of the
fracture is controversial [19,20]. As demonstrated in this study, most of the patients had
concomitant TFCC injuries; however, the overall outcomes after the surgery were not
proven. In order to prove the clinical importance of this study, an analysis of patient
outcome, such as the clinical score (VAS, Mayo, and DASH); the follow-up data; the period
of symptom resolution; and the number of patients receiving additional TFCC management,
including surgery, should be performed in the next study. The relatively small number of
patients is another limitation of this study. Type D injury was detected in only one case,
and the results cannot be supported.

5. Conclusions

In conclusion, TFCC injuries were associated with all distal-radius fracture cases in
this study, regardless of types of fracture and the presence of ulnar styloid fracture. We
concluded that distal radius shortening, resulting in the avulsion of TFCC ligaments, is the
predominant parameter affecting the TFCC injury pattern.
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Abstract: Background: Thoracolumbar burst fractures are a common traumatic vertebral fracture in
the spine, and pedicle screw fixation has been widely performed as a safe and effective procedure.
However, after the stabilization of the thoracolumbar burst fractures, whether or not to remove the
pedicle screw implant remains controversial. This review aimed to assess the benefits and risks of
pedicle screw instrument removal after fixation of thoracolumbar burst fractures. Methods: Data
sources, including PubMed, EMBASE, Cochrane Library, Web of Science, Google Scholar, and Clinical
trials.gov, were comprehensively searched. All types of human studies that reported the benefits and
risks of implant removal after thoracolumbar burst fractures, were selected for inclusion. Clinical
outcomes after implant removal were collected for further evaluation. Results: A total of 4051 papers
were retrieved, of which 35 studies were eligible for inclusion in the review, including four case
reports, four case series, and 27 observational studies. The possible risks of pedicle screw removal
after fixation of thoracolumbar burst fractures include the progression of the kyphotic deformity and
surgical complications (e.g., surgical site infection, neurovascular injury, worsening pain, revision
surgery), while the potential benefits of pedicle screw removal mainly include improved segmental
range of motion and alleviated pain and disability. Therefore, the potential benefits and possible
risks should be weighed to support patient-specific clinical decision-making about the removal of
pedicle screws after the successful fusion of thoracolumbar burst fractures. Conclusions: There
was conflicting evidence regarding the benefits and harms of implant removal after successful
fixation of thoracolumbar burst fractures, and the current literature does not support the general
recommendation for removal of the pedicle screw instruments, which may expose the patients to
unnecessary complications and costs. Both surgeons and patients should be aware of the indications
and have appropriate expectations of the benefits and risks of implant removal. The decision to
remove the implant or not should be made individually and cautiously by the surgeon in consultation
with the patient. Further studies are warranted to clarify this issue. Level of evidence: level 1.

Keywords: thoracolumbar burst fracture; implant; pedicle screw; removal; kyphosis; complications; pain

1. Introduction

A new spinal fracture occurs every 22 s worldwide [1]. As a mechanical transition
junction between the relatively rigid thoracic and the more flexible lumbar spine, the thora-
columbar region is the most common site of fracture to the spine, and burst fractures of the
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thoracolumbar spine account for approximately 20–50% of such injuries [2,3]. Though com-
mon, the management of thoracolumbar burst fractures presents several clinical challenges,
which mainly include surgical indications (surgery vs. non-surgery), surgical approach
(anterior vs. posterior; traditional open approach vs. minimally invasive percutaneous
approach), and surgical options (e.g., short segment fixation vs. long segment fixation,
fusion vs. non-fusion) [4–12]. In any case, pedicle screw fixation has been well established
as a standard procedure for the treatment of unstable thoracolumbar burst fractures that
aims to establish immediate stability and rapid restoration of spinal alignment, prevent neu-
rologic deterioration, minimize pain, and protect the spinal cord from further neurological
injury [13–16].

After fracture consolidation has been achieved, there is another considerable contro-
versy related to the pedicle screw instrument removal. So far, several indications have
gained wide acceptance for implant removal after spinal surgery, including infection,
pedicle screw misplacement, periprosthetic fracture, implant loosening, implant failure,
instrumentation protrusion and local irritation, and growth disturbance [17–19]. However,
the indications, potential benefits, and possible risks for implant removal in successful
fracture-healing patients remain controversial [18]. Possible concerns of in situ implants
are thought to be reduced range of motion, potential back pain due to mechanical irritation,
micromotion, implant prominence and irritation, disc degeneration, facet arthrosis, fretting
corrosion, allergic reaction, low-grade infection, stress shielding-related osteopenia, and
stress concentration at the adjacent segment [17–24]. Pedicle screw removal might be a ben-
eficial and cost-effective procedure because it can alleviate pain and discomfort, improve
the segmental motion angle, restore flexibility, and enhance functional outcomes [25,26].
However, pedicle screw implants should not be considered dispensable when fracture
consolidation is present, and implant removal should, by no means, be considered a benign
and harmless procedure. On the contrary, implant removal requires a second operative
procedure, which is accompanied by risks such as surgical site infection, neurovascu-
lar injury, significant loss of segmental kyphosis correction, worsened back pain, and
re-fracture [25,26].

To date, there remains a paucity of expert consensus or clinical practice guidelines
relating to implant removal after thoracolumbar burst fractures [18]. Thus, we under-
took a systematic review to investigate the potential benefit-to-risk ratio and provide
up-to-date evidence.

2. Materials and Methods

This systematic review was conducted following the recommendation of the Cochrane
Handbook for Systematic Reviews of Interventions [27] and is reported in compliance with the
Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines [28].

2.1. Data Sources

Electronic databases, including PubMed, EMBASE, Cochrane Library, Web of Science,
Google Scholar, and Clinical Trials.gov, were searched from inception to November 2022.
Search terms included controlled terms from Medical Subject Headings (MeSH) in PubMed,
EMtree in EMBASE.com, corresponding keywords, and free text terms. The search terms
included those related to “Thoracolumbar fracture”, “Pedicle screw”, and “Removal”. The
complete search strategy is presented in the electronic Supplementary Material Table S1.
No language, publication status, or other search restriction was imposed. In addition,
we checked the reference lists from all retrieved studies and meta-analyses or systematic
reviews already published to ensure that all studies could be identified.
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2.2. Eligibility Criteria

Published studies were included if they met the following inclusion criteria:

(i) Participants: adult patients who underwent internal fixation for thoracolumbar
burst fractures;

(ii) Intervention and/or comparison: removal or retention of the pedicle screw instru-
ment after successful fixation of thoracolumbar burst fractures;

(iii) Outcomes: clinical outcomes related to the benefits or harms of implant removal
were considered. The primary outcomes were local kyphosis deformity after implant
removal and pain intensity after implant removal. Secondary outcomes included
improvement of segmental motion angle and removal-related complications;

(iv) Study type: All types of studies that reported the benefits and risks of implant removal
after thoracolumbar burst fractures were considered for inclusion, including but not
limited to case reports and case series, cohort studies, case–control studies, cross-over
studies, and randomized controlled trials.

2.3. Study Selection

Identified papers from each of the databases were imported into Endnote reference
management software X9 (Clarivate Analytics). Two authors independently removed the
duplicates, examined the titles and reviewed the abstracts for relevance, and then sorted
the remaining records for “inclusion”, “exclusion”, or “potentially relevant”. The full-text
articles of eligible records rated “potentially relevant” were obtained, reviewed, and rated
independently by the two reviewers. Any discrepancies were resolved by discussion
between the authors.

2.4. Data Extraction

The data were extracted using a standardized data extraction form and entered into
an excel sheet (Excel, Microsoft Corporation, WA, USA). The following study details were
extracted where possible from included studies: first author, publication year, region,
publication journal, type of study, year of study, sample size, participant demographic
details, thoracolumbar fracture level, surgical approach, segmental fixation, time to im-
plant removal, cause of implant removal, and clinical outcomes after implant removal.
Data from the research were compared, and disagreements were resolved by consensus
among researchers.

2.5. Quality Assessment

The Newcastle–Ottawa Scale (NOS) was used to assess the quality of non-randomized
studies [29]. The quality of included studies was evaluated in the following three major
components: selection of the study group (0–4 points); quality of the adjustment for con-
founding (0–2 points); and assessment of the outcome of interest in the cohorts (0–3 points).
A higher score represented better methodological quality.

2.6. Statistical Analysis

Meta-analysis was performed only when there were at least three contrasts available
for data synthesis. Risk ratios (RRs) with 95% confidence intervals (CIs) were calculated for
dichotomous data, and the mean difference (MD) or standardized mean difference (SMD)
along with corresponding 95% CIs were calculated for continuous outcomes. Heterogeneity
was assessed using the Cochran Q statistic (p < 0.1) and measured with the I2 statistic.
Meta-analyses were conducted using a random-effects model regardless of heterogeneity.
Two-sided p < 0.05 was considered statistically significant. We used Stata version 15 (Stata
Corporation, College Station, TX, USA) for data analyses.
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3. Results

3.1. Study Selection

The initial search yielded 4051 records; after removing 1558 duplicates, 2493 articles
were screened using the title and/or abstract. Of these, 2424 records were eliminated
for being irrelevant to our analysis by screening titles and abstracts. The full texts of
the remaining 69 articles were retrieved for further assessment. Finally, 35 studies were
included in the systematic review [30–64]. Figure 1 displays a flow diagram that shows the
reasons for exclusion at each stage of the selection process.

 
Figure 1. PRISMA flow diagram.

3.2. Study Characteristics

The main characteristics of the included observational studies are presented in Table 1,
and the main characteristics of the included case reports and case series are
shown in Supplementary Material Table S2. In total, four case reports [30–33], four case
series [34–37], 21 retrospective cohort studies [38–45,47–49,52,53,55–58,60,61,63,64],
three retrospective case-control studies [46,51,62], and three prospective cohort
studies [50,54,59] were included in this systematic review. These studies were published
between 1997 and 2022 [30–64]. Among the included studies, 25 were from
Asia [33–36,39,40,42–50,52,54–56,60,61,63,64], six were from Europe [31,32,37,41,51,53], and
four from North America [30,38,59,62]. Except for Xu et al. [64], which included patients
aged over 65 years, other trials were of adult patients [30–63]. The fracture level, surgical
management, fixation methods, time to implant removal, the reason for implant removal,
and duration of follow-up were also quite different among the studies. The more-detailed
characteristics of the included observational studies are listed in Table 2, and other detailed
characteristics of included case reports and case series are summarized in Supplementary
Material Table S3.
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3.3. Risk of Bias

The pre-planned risk of bias was not assessed during this systematic review. Due
to the present lack of high-quality evidence, case reports and case series studies were
predetermined to be included to provide related information on our topic. Even if we also
included retrospective cohort studies, retrospective case–control studies, and prospective
cohort studies, the quality of the observational studies was not assessed due to the inherent
biases associated with these study designs and the lack of a control group in many studies.

In addition, the pre-defined meta-analyses were unfeasible due to insufficient data
for these clinical outcomes and considerable clinical heterogeneity and variations in
outcome measures.

3.4. Primary Outcomes
3.4.1. LOCAL Kyphosis Deformity after Implant Removal

Among the 27 observational studies, 20 studies reported varying degrees of sagittal
correction loss or local kyphosis deformity, while two studies [43,46] reported no sig-
nificant kyphosis of the fracture area. In detail, six studies reported average correction
loss of less than 5◦ [39,45,53,55,56,64], nine studies reported 5◦–10◦ average correction
loss [40,42,47,48,50,51,54,56,60,63], three studies reported more than 10◦ average correction
loss [38,49,58], and two studies reported 63.9% and 29% local kyphotic deformity after
implant removal [57,61].

3.4.2. Pain Intensity after Implant Removal

Of the 27 observational studies, nine [39,41,44,46,49,53,56,59,63] reported significant
pain relief after implant removal; of these, four studies [39,41,44,59] reported the decision
to remove the pedicle screw instrument due to implant-associated symptoms such as pain
or discomfort, while in three studies [46,53,59] the patients were asymptomatic before
implant removal. One retrospective cohort study [47] found that 10 of 27 patients had
increasing back pain after implant removal, while in another retrospective cohort study [60],
12 of 21 patients reported reduced back pain or discomfort after surgery. In addition, one
study [64] found no significant changes after implant removal.

3.5. Secondary Outcomes
3.5.1. Improvement of Segmental Motion Angle

Among the observational studies, six [38,44–47,58] reported improvement after im-
plant removal, three [56,59,63] reported decreased Oswestry Disability Index (ODI) scores,
and one [60] reported four of 21 patients had improved range of motion. In contrast, four
studies [49,55,62,64] demonstrated no or slight improvement after implant removal but the
segmental motion angle was considered to be motionless.

3.5.2. Removal-Related Complications

One case report [30] reported inadvertent screw migration into the retroperitoneal
space, while one case series [37] reported that pedicular screws fractured and the threaded
parts of the screws were, therefore, left in 1 patient.

For the 27 observational studies, five [38,46,51–53] reported wound infection after
implant removal, Two studies [39,44] reported vertebral height loss after implant removal,
seven [43,45,47,49,50,54,60] reported disc degeneration and progressive loss of injured disc
height, and one [40] reported revision surgery after implant removal.

4. Discussion

4.1. Principal Findings

This systematic review showed that dozens of studies focused on the benefits and
risks of implant removal after fixation of thoracolumbar burst fractures, and local kyphosis
deformity was the most prevalent and most important sequelae after implant removal.
However, some studies further confirmed reduced pain intensity and improved segmental
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motion angle after implant removal. In addition, implant removal-associated complications
were not uncommon.

4.2. Comparison with Previous Studies

Kweh et al. published a systematic review and meta-analysis addressing a similar
topic [65]. This study eventually included 13 articles for qualitative synthesis and six
studies for quantitative synthesis. They found no statistically significant difference in
sagittal correction loss between implant retention and removal cohorts, and suggested
significantly improved pain intensity and ODI scores. They concluded that planned implant
removal results in superior functional outcomes without significant differences in kyphotic
angle correction loss compared to implant retention in younger patients with thoracolumbar
burst fractures who undergo posterior surgical stabilization. In comparison, we included
more types of studies to fully elaborate on this clinical dilemma. Although we did not
perform a meta-analysis mainly due to the significant clinical heterogeneity among studies,
we found similar benefits but also highlighted the potential risks. We further revealed
conflicting evidence regarding the management of thoracolumbar burst fractures.

4.3. Implication for Clinical Practice

Although implant removal accounts for almost one-third of all elective operations
in orthopedics, there remains an ongoing debate concerning the justification for such
procedures [32]. The thoracolumbar junction is a transitional zone that constitutes the
relatively fixed kyphotic thoracic area and the mobile lordotic lumbar region; therefore, it
is a vulnerable region for injury. In theory, when natural bone healing and consolidation of
fractured vertebrae has occurred, implant removal should allow complete motion segment
preservation, but it is hard to decide for the thoracolumbar junction.

4.3.1. Kyphosis Recurrence

Kyphosis recurrence after implant removal is not uncommon (Table 2 and Supple-
mentary Material Table S3). Previous studies have suggested that kyphotic recurrence is
inevitable during the medium- to long-term period, regardless of the pedicle screw fixation
with or without fusion, and the process of kyphotic recurrence may be accelerated after
removal of the pedicle screw instrument, which has been reported in case reports and case
series, and some of the observational studies [50,56]. However, there remains a lack of
robust clinical evidence and long-term follow-up data, and our systematic review found
that currently conflicting data was more present, highlighting this clinical dilemma.

In addition, these studies also investigated the mechanism of sagittal correction loss
after implant removal. Some studies [39,44] have implicated that failure to support the
anterior spinal column and vertebra collapse after implant removal lead to eventual loss of
correction; however, more recent studies [38,46,51–53] have found that intervertebral disc
collapse and loss of disc height are the main factors contributing to postoperative kyphosis
in patients with thoracolumbar burst fracture, no matter with or without vertebroplasty.
Patients with incomplete and complete thoracolumbar burst fractures always suffer severely
injured endplates and discs, so post-traumatic disc degeneration and height loss when
loaded after implant removal are unavoidable. Thus, a mono-segmental fusion is better
indicated in cases of expected disc injury to prevent secondary loss of reduction resulting
from the collapse of the disc space, especially in younger patients. Removal of the implants
may, therefore, not be necessary.

The relatively high incidence of kyphosis recurrence after implant removal may be
caused by various factors. The surgical intervention for thoracolumbar burst fracture
aims to restore stability, prevent neurological deterioration, attain canal clearance, prevent
kyphosis, and provide rapid pain relief. Therefore, sufficient stability is important to
avoid postoperative loss of segmental kyphosis correction, regardless of whether fusion is
performed. Although the pedicle screw instrument is only to provide temporary fixation
of the unstable spine and permanent restoration of spinal stability through achieving
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a solid fusion as the primary purpose, the pedicle screw instrument may still play an
important role in maintaining the reduction, offering rigid fixation, and enhance bony
union or fusion after bone healing. A previous study also suggested that the severity of the
initial trauma also predicts the loss of correction after implant removal: the more severe the
preoperative collapse of the fractured vertebral body is, the higher loss of correction after
implant removal has to be expected [51]. In addition, other factors, such as the integrity
of the posterior ligamentous complex, are also crucial, and implant removal in patients
with non-healing of the posterior ligamentous complex would also induce instability and
progressive kyphosis [53,56,66].

4.3.2. Segmental Range of Motion

Improvement of the segmental range of motion has been recognized as one of the
major benefits of implant removal, especially in patients who received pedicle screw
fixation without fusion. Several previous studies have confirmed the advantages of im-
plant removal for the preservation of segmental motion, which can further alleviate pain
and disability [38,44–47,58] and lead to decreases in the pain intensity score and ODI
score [39,41,44,56,59,63]. Therefore, these clinical benefits after implant removal are mea-
surable and demonstrate that a subgroup of patients would benefit from implant removal,
especially when there was no disastrous kyphosis deformity recurrence. Nonetheless, we
should also realize that the actual mobility of the segment has possible implications—both
positive and negative. The improved range of motion of the fractured segment in the
thoracolumbar junction would unload the stress on the adjacent segments but put stress on
the fractured vertebra and nearby discs. Hence, the improved segmental range of motion
also means an unstable status after implant removal, with a potential risk of recurrent
kyphosis deformity induced by destabilization after implant removal [37].

4.4. Decision-Making

Removing the pedicle screw instrument after posterior fixation of thoracolumbar
burst fractures can effectively restore flexibility and relieve pain, but can also result in the
progression of kyphosis. Moreover, it is impossible to predict the recurrence of kyphotic
deformity before implant removal, and extra revision surgery might be needed later if
patients have severe back pain due to severe kyphotic deformity. Thus, careful consideration
should be made before removing the implant.

In most symptomatic cases, the patient is the initiator of pedicle screw removal. Many
patients with persistent symptoms tend to blame the metallic implants; they often insist on
implant removal and believe this will alleviate their symptoms [67,68]. However, in clinical
practice, even in patients who have reported implant-related pain, removing the implant
does not guarantee pain relief and may be associated with further complications (such as
infection, re-fracture, and nerve damage) and worsening pain [31,32,37,41]. Therefore, pa-
tients should be notified of indications for implant removal and understand the uncertainty
of expected benefits, potential complications, and inherent risks. On the contrary, implant
retention would reduce costs and alleviate exposure to further surgery, but patients should
also be informed of the possibility of screw breakage.

Surgeons are the decision-makers of implant removal [18,67]. The decision of implant
removal should be predetermined as early as the initial treatment of the thoracolumbar
burst fractures and dynamically adjusted according to the patient’s clinical status (Figure 2).
Careful preoperative evaluation and consideration should be made before removing the
implant. First of all, surgeons should review details of the primary thoracolumbar burst
fractures, such as the mechanism of injury, the morphology, and classification of the burst
fractures, and learn about the first surgical management. Second, surgeons need to assess
the fusion of the burst fractures, which is critical but challenging, and even intra-operative
exploration demonstrates that a solid fusion cannot promise desired outcomes [67]. Next,
for symptomatic patients, surgeons should try to figure out to what extent the patient’s
pain and discomfort are associated with the pedicle screw instrument, and how much pain
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relief can be expected from implant removal [69]. For example, postoperative pain may be
attributed to instability, root pain, adjacent-level pathology, and factors related to the im-
plant. Very often, the exact cause of post-instrumented pain remains difficult to determine.
Finally, communication with patients is essential and crucial than ever before [41]. Patients
should be informed thoroughly about the unpredictable outcomes of implant removal to
avoid excessively high expectations [41]. Moreover, detailed preoperative evaluation before
implant removal is also indispensable. For instance, a CT scan before implant removal
would be beneficial for confirmation of posterolateral fusion and preoperative measure-
ment of the bone mineral density of the fractured vertebral body and adjacent vertebral
bodies to evaluate the risk of compression fracture after implant removal [31,32]. Based on
these careful preoperative clinical evaluations and detailed communication, a decision to
remove or retain the implants could be made. The timing of the removal of the implant
remains an open question.

4.5. Call for Future Studies

The currently available evidence for removing or retaining the pedicle screw instru-
ment in thoracolumbar burst fractures is heterogeneous, limited, and insufficient. Thus,
more prospective cohort studies and clinical trials with long-term follow-ups are strongly
warranted to provide additional details about the advantages and disadvantages of each
option, which would help mitigate the trade-off between the benefits and harms of different
treatment options. Second, there is a desperate need to explore the biological mecha-
nisms and clinical determinants of symptomatic and asymptomatic implants, as well
as the risk factors and predictive parameters for the recurrence of kyphotic deformity,
which will contribute to developing clinical decision rules that may determine which pa-
tient subgroup will benefit most from implant removal and which patient subgroup will
face more risks [69,70]. Next, future studies should compare the same types of fractures
(e.g., incomplete vs. complete burst fractures) when evaluating the outcomes of removing or
retaining pedicle screw instruments after thoracolumbar burst fractures, which would help
to observe actual clinical outcomes and avoid confusing the effects of fracture types. Addi-
tionally, pedicle screw removal is a second surgery performed under general anesthesia,
which has substantial economic implications; therefore, a cost-effectiveness analysis should
also be performed for policymakers, decision-makers, and other stakeholders [52,69,71].

4.6. Limitations

This study has several weaknesses. First, there was substantial clinical heterogene-
ity among the included studies, including the patient populations (e.g., symptomatic
or asymptomatic), the morphology and classification of thoracolumbar burst fractures
(e.g., incomplete or complete burst fractures), the severity of injury (e.g., the degree of
injury to the discs, the integrity of the posterior ligamentous complex), the treatment strate-
gies of thoracolumbar burst fractures, criteria for implant removal, follow-up duration,
etc. These discrepancies reflect the lack of consensus on thoracolumbar burst fractures and
compromise the quality of evidence. Second, this study was predetermined to include
all kinds of studies, including case reports and case series, which may induce remarkable
publication bias, since studies with positive results (e.g., unexpected complications) are
more likely to be published in peer-reviewed journals [71]. Third, 25 of 35 included studies
were from Asia, mainly from China, Japan, and South Korea, which may also induce bias.
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Figure 2. A proposed flow diagram for the management of thoracolumbar burst fractures. Abbre-
viations: CT, Computed Tomography; MRI, Magnetic Resonance Imaging; ASIA, American Spinal
Injury Association; TLICS, Thoracolumbar Injury Classification and Severity; PMMA, Polymethyl
Methacrylate; BMI, Body Mass Index; BMD, Bone Mineral Density.
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5. Conclusions

In conclusion, the removal of implants after successful fusion of thoracolumbar burst
fractures may be performed effectively to restore flexibility and relieve pain, but it may also
lead to the progression of kyphotic deformity and surgical complications. Both surgeons
and patients should be aware of the indications and have appropriate expectations of
the benefits and risks of implant removal. There was no robust evidence to support the
routine removal of pedicle screw instruments after the successful fusion of thoracolumbar
burst fractures, which may expose the patients to unnecessary complications and costs.
The potential benefits and possible risks should be weighed to support patient-specific
clinical decision-making. Further research is warranted to provide more evidence to clarify
this issue.
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www.mdpi.com/article/10.3390/jcm12062213/s1, Table S1: Search strategies for primary databases;
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Abstract: Intra-operative 3D X-rays have been confirmed to decrease revision rates and improve
optimal screw placement in complex fractures of the distal radius. Compared with traditional
surgical publications, another advantage of whole intraoperative clinical imaging can be presented in
electronic databases, e.g., the ICUC working group, through a link without size limitation. The detail
of complete intra-operative image dataset includes essential technical details which can be analyzed
secondarily for costs and complications, considering the technical performance bias. Furthermore,
the new format complies with reading/learning preferences of young surgeons and allows secondary
work-up by artificial intelligence. Intra-operative 3D X-ray is a new approach for better surgical
outcomes, economic benefit, and educational purposes.

Keywords: intra-operative 3D X-ray; intra-operative 3D CT; artificial intelligence; evidence-based
surgery; distal radius fracture

A publication by Halvachizadeh et al. [1] has confirmed the advantage of using intra-
operative 3D imaging for complex fractures of the distal radius by enabling a decrease
in revision rates and improved optimal screw placement without increasing duration of
surgery. Previous papers have also shown the economic advantages of intra-operative 3D
X-rays [2,3]. A further advantage—for learning—would result from allowing access not
only to complete radiological but also clinical imaging, as proposed by the ICUC working
group (www.icuc.net) [4]. Electronic publishing easily allows the management of the great
amount of data resulting from the implementation of such a concept. Access to complete
data would also positively influence quality control efforts by allowing the confrontation
of results obtained from different sources under repeated, comparable conditions [5].

In conventional surgical publications—even following very precisely formulated re-
search protocols for the highest evidence standard like RCT—essential data, e.g., reduction
maneuvers in fracture treatment, are not accessible to the readers. Skills aspects are es-
sential for the outcome, can be measured and correlated with complications and costs [6],
but cannot be analyzed secondarily without complete intra-operative image data. The
inter-operator variance in technical performance is a proven reality and inevitably produces
a “technical performance bias” [7]. In simple procedure, a 3D X-ray may not be necessarily
needed; however, the bias is particularly important for complex surgical procedures. This
seems to be a fundamental problem of surgical trials and a fundamental obstacle to sound
“evidence-based surgery”. Efforts should be made to produce evidence levels similar to
those well documented in clinical trials for new drug development.
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Size limitations have hitherto led to the avoidance of complete intra-operative image
documentations being shown in conventional surgical papers. Electronic formats have
changed the situation. A short main text can show representative images, whereas the
total data set can then be made accessible through a link. Such a new format also complies
with reading/learning preferences of young surgeons and allows secondary work-up by
artificial intelligence (AI) in highly efficient neuromorphic learning system [8,9]. Complete
intra-operative image data, as proposed and realized by the ICUC working group [10,11],
also allows the inclusion of essential technical details once novel surgical techniques are
introduced to general public, i.e., when “non-early users” produce “real-world data”. It is
well known that certain complications appear in a second use phase, often due to small
deviations from the technique presented and used by inventors and early users, when the
public starts to use the new method.

In conclusion, 3D intra-operative imaging is a beneficial addition rather than a re-
quirement. To reach evidence levels comparable to drug development process, surgical
trials need to adopt documentation methods including also clinical, intra-operative images.
Secondary analysis of such data allows the measurement of surgical skills, avoidance of
technical performance biases, and improve homogeneity of trial groups. New electronic,
open-source formats allow access to the complete dataset by links, avoiding the size limi-
tations of conventional publication formats, but managing quality control and allowing
post-publication data mining.
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Abstract: The reconstruction of a chronic proximal hamstring tear is a challenging pathology that
posits difficulties to surgeons due to the distal retraction of the hamstring tendon stumps and the
entrapment of the sciatic nerve within the scar formed around the torn hamstring tendon. We describe
a novel surgical technique using a semitendinosus tendon allograft sutured in a “V inversion” manner,
thereby avoiding an excess of tension and length of the new reconstructed hamstring tendons. In
addition, and in order to speed up the healing process and avoid new sciatic entrapment, we assisted
the surgery with liquid plasma rich in growth factors (PRGF) injected intraosseously, intratendinously
and within the suture areas, as well as wrapping the sciatic nerve with a PRGF membrane. In
conclusion, this novel approach offers mechanical and biological advantages to tackle the large
retraction of hamstring stumps and the entrapment of the sciatic nerve within the scar.

Keywords: proximal hamstring avulsion; allograft reconstruction; chronic; PRGF; platelet-rich
plasma; PRP

1. Introduction

A chronic proximal hamstring tear is a debilitating muscle injury associated with
persistent pain, cramping, functional limitation, and weakness in the ischial (buttock)
region, with more than 4–6 weeks of evolution [1]. The delayed diagnosis and the failed
conservative treatments often result in a hamstring syndrome caused by the entrapment
of the sciatic nerve within the scar formed around the torn hamstring tendon, causing
an unrelenting pain that is exacerbated by prolonged sitting [2,3]. Moreover, the distal
retraction of the hamstring tendon stumps of several centimeters makes the reinsertion
of the entire conjoined tendon (JT) (made up of the long head of biceps femoris (LBF)
and semitendinosus tendons (STT)) and the tendon of semimembranous muscle (SMT)
extremely difficult [1,2].

In this manuscript, we describe a novel technique using a semitendinosus tendon
allograft sutured in a “V inversion” manner, thereby avoiding an excess of tension and
length of the new reconstructed hamstring tendons, which could lead to rupture at the
suture areas. Moreover, and in order to enhance the repair process and avoid new sciatic
entrapment, we assist the surgery with liquid plasma rich in growth factors (PRGF-Endoret)
injected intraosseously, intratendinously, and within the suture areas, as well as wrapping
the sciatic nerve with a PRGF membrane [4,5].
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2. Case Report and Description of the Technique

2.1. Patient Presentation and Examination

A 45-year-old female with no medical history relevant to this injury underwent a
motorcycle fall at low speed with the left lower extremity in hyperextension. She heard
a snap, together with an acute intense cramping pain from the buttock region to the
knee. Once at the hospital, the X-ray study did not show a bone fracture. She began a
physiotherapy treatment, but, after a few days, the patient noticed a significant hematoma
associated with a persistent pain (Figure 1a).

 

Figure 1. Preoperative description of the case. (a) Image of the haematoma two days after the accident,
accompanied by lancinating pain with paresthesia similar to radicular pain. (b) MRI confirming
the injury; the conjoint tendon was retracted 7 cm and the semimembranosus tendon 10 cm, with a
significant accumulation of free fluid. (c,d) Ultrasound also showed complete disinsertion of both
tendons, as well as their retraction.

In this second visit to the hospital, the performed US and MRI studies confirmed a com-
plete detachment of conjoined tendon of biceps femoris and semitendinosus (JT), and the
semimembranous tendon (SMT). After following a conservative treatment and 6 months af-
ter the accident, the patient came for the first time to our consultation reporting a significant
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functional limitation. Physical examination showed a limitation in knee extension while
walking, a gap distal to the left gluteal fold, and the impossibility of knee flexion against
resistance with a positive Puranen–Orava test. New MRI (Figure 1b) and US (Figure 1c,d)
studies showed that the JT was retracted 7 cm and the SMT 10 cm. This injury could be
classified as type 5-B following the classification developed by Wood et al. [6], namely, a
complete tendon avulsion from bone with a retraction of the tendon ends associated with
sciatic nerve involvement.

After discussing treatment options and possible outcomes, the patient underwent a
surgical intervention with a novel technique using a semitendinosus tendon allograft in a
“V inversion” manner assisted with liquid PRGF injected intraosseous, intratendinously
and within the suture areas, and a PRGF membrane that wrapped the sciatic nerve.

2.2. Patient Positioning

After the induction of general anesthesia, the surgery was performed with the patient
in the prone position, with the hip and knee at 20 and 30 degrees of flexion, respectively
(Figure 2a). Previously, and in order to center the incision, we identified the stumps of
the conjoined tendon (Biceps and semitendinosus) and SMT stumps with the aid of US
and MRI (Figure 2b). In our patient, the distance between the ischial tuberosity and the
gluteus fold was 3 cm, whereas the joint tendon and SMT were 7 and 10 cm away from the
ischial tuberosity, respectively. Once the sterile prepping and draping were completed, the
entire extremity was draped so that we could manipulate the hip and knee joints during
the surgery to assess and adjust the graft tensioning.

 

Figure 2. (a) The patient is placed in prone position with the hip and knee flexed. (b) Previously, the
relevant anatomical structures are located.

2.3. Dissection, Neurolysis, and Tenolysis

A longitudinal/vertical incision was performed guided by the landmarks obtained
with the aid of US and MRI. After dissecting the subcutaneous tissues, we identified the
ischial tuberosity, torn hamstring tendons, and the entrapped sciatic nerve (Figure 3a).
We carried out a careful distal-to-proximal exoneurolysis of the sciatic nerve and placed
vessel-loops to visualize and avoid iatrogenic injury to the nerve during the surgery. Once
identifying the stumps of both tendons that were retracted and entrapped by fibrotic tissue,
we performed a careful tenolysis to free up both tendon stumps and freshen both stumps.
In addition, we put Vicryl (Ethicon, Somerville, NJ, USA) sutures in each tendon stump,
which served as control of the torn hamstring (Figure 3b).
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Figure 3. Dissection, neurolysis, and tenolysis (a) After exoneurolysis, the sciatic nerve is identified
and placed laterally in the surgical field. (b) Following tenolysis, Vycril sutures are placed for traction
on both tendons.

2.4. STT Allograft Preparation

Due to the impossibility of reinserting the hamstring tendon stumps into the ischial
tuberosity, a free graft reconstruction with a 17 cm long STT allograft augmentation was
carried out, allowing us to bridge the long gap (Figure 4a). The entire STT allograft was
reinforced with a Hi-Fi Ribbon suture (ConMed, Largo, FL, USA), thereby endowing the
reconstructed tendon augmentation with additional strength. The STT allograft was bent
on itself, generating a double-thickness tendon allograft whose proximal section of 3 cm
was reinforced with 2/0 Ethibond sutures (Ethicon, Somerville, NJ, USA), from which,
were the two branches of the allograft stem toward the distal hamstring stumps in a “V
inversion” shape (Figure 4b).

 

Figure 4. Semitendinosus tendon allograft preparation. (a) Description of allograft preparation and
placement. (b) Intraoperative image showing the two branches of the allograft (inverted V-shaped).

2.5. STT Allograft Placement

After identification, dissection, and protection of the sciatic nerve, and following the
correct anatomically location, we prepared the bony surface of the ischial tuberosity by
curettage and rasp. Then, two self-punching Y-Knot RC (ConMed, Largo, FL, USA) suture
anchors (two Hi-Fi, one blue and one white) were placed in the ischial tuberosity (Figure 5a).
The first Y-Knot RC anchor was placed in a lateral and anterior position (corresponding
to the SMT that is lateral and 3.1 cm proximal-to-distal and 1.1 cm medial-to-lateral). The
second Y-Knot RC anchor was placed in a more posterior and medial location (the JT is
medial 2.7 cm proximal-to-distal and 1.8 cm medial-to-lateral).
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Figure 5. Semitendinosus tendon allograft placement. (a) Support with Ribbon resistance band.
(b) Allograft to tendon suture.

Krakrow type stitches were passed with the blue strand of a Y-Knot RC in the external
arm of the “V” of the double reinforcement of the allograft. We performed the same but
using the white strand at the base of the medial arm of the “V”. As it is a sliding thread, by
pulling on another thread of the same color that remains free, the graft slides and is placed
in the anatomical position at the level of the ischial tuberosity. Once this double suture
is secured, we made a medial and lateral reinforcement suture with the blue and white
threads left over in each Y-Knot RC to provide significant solidity in the insertional area.

We then took the two tendon ends: the joint tendon on one side and the semimem-
branosus tendon on the other side. Next, we passed one of the distal ends of the allo-
graft through the semimembranosus tendon (deeper) with a Pulvertaft-type suture. We
checked the tension after the two passes, and we carefully mobilized the knee in a range of
60 degrees, which allowed us to assess the right tension of our suture. After verifying that
it was satisfactory, we made two more passes to provide a strong suture. We repeated the
procedure with the joint tendon and performed four tendon passes with the Pulvertaft-type
technique (Figure 5b).

2.6. PRGF Preparation and Application

Platelet-rich plasma (PRP) was prepared according to the PRGF-Endoret method.
PRGF is a leukocyte- and erythrocyte-free PRP with moderate platelet-enrichment [7].
Briefly, 72 mL of peripheral venous blood was withdrawn into 9 mL tubes containing 3.8%
(wt/vol) sodium citrate (Endoret Traumatology kit, BTI Biotechnology Institute, Vitoria,
Spain) before starting the patient’s anesthesia. Then, the blood was centrifuged for 8 min at
580 g at room temperature in a System V centrifuge (BTI Biotechnology Institute, Vitoria,
Spain). After centrifugation, three layers were obtained (plasma, buffy coat and packed red
blood cells). The upper layer of plasma (F1 fraction) was collected in order to prepare the
PRGF membrane. The 2 mL plasma fraction located just above the buffy coat (F2 fraction)
was collected, avoiding the leukocyte layer, and was used to perform infiltrations.

We performed intraosseous (4 mL into the ischial tuberosity once freshened) and
intratendinous infiltrations (8 mL) of liquid PRGF into the suture-repair areas (Figure 6a)
The F2 fraction was activated in a time-controlled way by the addition of PRGF activator
(10% CaCl2) just before to these infiltrations performed with a 21 G − 0.8 × 40 mm needle.
Finally, the sciatic nerve was wrapped with a PRGF membrane (Figure 6b) elaborated with
8 mL of liquid F1, which was activated with 160 μL of PRGF activator and maintained for
at least 15 min at room temperature until the formation of a clot.
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Figure 6. Application of PRGF. (a) Intratendinous infiltration of PRGF into the allograft suture-repair
areas. (b) The sciatic nerve is wrapped with a PRGF membrane.

Furthermore, seven and fourteen days after the surgery, and assisted by US, we
performed two infiltrations of PRGF in the sutured areas of the graft. In both cases, 8 mL of
freshly activated F2 PRGF was infiltrated [4,5].

2.7. Postoperative Rehabilitation

The patient was kept in a hip and knee brace locked at 70 degrees and 30 degrees of
flexion, respectively, for 8 weeks, not allowing the weight-bearing walk and using two
crutches (Figure 7a). After 8 weeks, we removed the hip and knee brace and the patient
underwent a rehabilitation program with a passive progressive range of motion of the
hip and knee, allowing partial weight-bearing using two crutches. The US performed at
week 12 showed images compatible with the integration of the allograft into the tendon
(Figure 7b), which was the start point of an active rehabilitation program (Figure 7c). In
a gradual manner, and always supervised by the physiotherapist and surgeon advice,
our patient initiated quadriceps and hamstring isometric, eccentric and proprioceptive
exercises, as well as active resistance strength exercises. After 12 months, the patient
resumed her active lifestyle without any limitation.

 

Figure 7. Postoperative rehabilitation. (a) Immobilizing splints keeping the knee and hip flexed.
(b) US (week 12 postoperatively) showed images compatible with the integration of the allograft.
(c) Rehabilitation process starting at 12 weeks.
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3. Discussion

We describe the reconstruction of a chronic proximal hamstring tear using a semitendi-
nosus tendon allograft sutured in a “V inversion” manner and assisted with PRGF as a
novel surgical technique to treat a chronic proximal hamstring tear. Our patient resumed
her active lifestyle without any limitation 12 months after the surgery. This new technique
offers mechanical and biological advantages to tackle the large retraction of hamstring
stumps and the entrapment of the sciatic nerve within the scar. In fact, 9 months after the
surgery, the patient resumed her previous lifestyle, including recreational sport.

There have been reported numerous different procedures to overcome and bridge tear
gaps superior to 5 cm between the tendon stumps and the ischial tuberosity in chronic
proximal hamstring tears by using ipsilateral distal hamstring autografts [8] or Achilles ten-
don allografts [9], both with good post-operative clinical outcomes and patient satisfaction
with 24 and 48-month (long term) follow-ups. Despite some inherent potential drawback
of allografts, including infection and disease transmission, issues with the osseointegration
and the cost and shortage of allografts, the surgical repair of retracted stumps superior to
5 cm is recommended and often necessary [2,9]. We chose to use a semitendinosus tendon
allograft of 17 cm due to the dimensions of the stump retractions of 7 and 10 cm. In doing
so, it endowed the reconstructed tendon augmentation with a controlled suture tension and
the correct anatomically location at the proximal insertion, thereby recreating the native
insertion at the ischial tuberosity [2]. Significantly, the Y-Knot RC anchor associated with
robust sutures allow loads superior to 200 N, and having this type of fixation emerged as
the gold standard treatment [10]. Moreover, the longitudinal/vertical incision guided by
the landmarks obtained with the aid of US and MRI gave us enough room to perform the
surgery accurately, assessing the tension of the suture anchors and the sutured stumps,
as well as the use of PRGF in different surgical steps. The PRGF supplied the suture
anchor and sutured stumps with trophic molecules that have been reported to promote
the osseointegration of the graft, a better remodeling and the secretion of extracellular
matrix, while avoiding fibrosis at the suture stumps as well as around the sciatic nerve,
all effects leading to enhance the repair process [4,11–13]. At this point, and following
Sanchez et al. [14], one improvement to add would be to soak in and infiltrate the allograft
into the PRGF supernatant. However, this novel technique is not exempt from some pitfalls,
mainly stemming from the long vertical incision and the period of 8 weeks wearing the hip
and knee brace, the latter being cumbersome and hard to tolerate for patients. We consider
that it is not recommended to shorten this time, as the immobilization time depends on the
type of tendon sutured, the type of suture and whether or not allografting is required. In
our case, these are very powerful tendons that require and demand a lot of strength, and
the time described should be respected to avoid the risk of dehiscence or suture failure.
A long longitudinal incision is recommended in chronic proximal hamstring tears when
the tear distal gap of the hamstring tendon stumps assessed by US and MRI is several
centimeters [2].

4. Conclusions

The PRGF-assisted reconstruction of chronic proximal hamstring tears with a semi-
tendinosus tendon allograft provides mechanical and biological advantages to tackle the
large retraction of hamstring stumps and the entrapment of the sciatic nerve within the scar.
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STT Semitendinosus tendon
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