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Preface to ”Orthopedics and Trauma in Children”

We are pleased to present this reprint book, which focuses on pediatric orthopedics and

encompasses a wide range of topics related to pathophysiology, foot disorders, and musculoskeletal

injuries in children. The field of pediatric orthopedics presents unique challenges due to the

age-specific injury patterns and remarkable growth and remodeling capacity of children’s bones.

It demands specialized knowledge and expertise to accurately diagnose and effectively treat these

conditions. The motivation behind compiling this reprint is to recognise the distinct nature

of orthopedic issues in children. These issues can be congenital, developmental, or acquired,

encompassing a broad spectrum that includes infectious, neuromuscular, nutritional, neoplastic,

psychogenic, and traumatic conditions. The need for evidence-based recommendations to manage

orthopedic deformities associated with various disorders is of paramount importance to ensure

optimal patient care. The intended audience for this reprint includes orthopedic surgeons,

pediatricians, rehabilitation specialists, and other healthcare professionals involved in the care of

children with orthopedic conditions. It is our aim to provide comprehensive insights into the

management approaches for different clinical scenarios, shedding light on the complexities involved

in decision-making processes. By addressing these knowledge gaps, we hope to facilitate improved

outcomes and enhanced quality of life for pediatric patients with orthopedic disorders.

We would like to express our gratitude to all the contributors who have generously shared their

expertise and insights, filling the gaps in knowledge within this field. Their valuable contributions

have made this reprint a comprehensive and authoritative resource for the study of pediatric

orthopedics. We sincerely hope that this reprint book serves as a valuable reference and guide, aiding

clinicians, researchers, and students in their pursuit of advancing knowledge and delivering the best

possible care for children with orthopedic conditions.

Axel A. Horsch, Maher A. Ghandour, and Matthias Christoph M. Klotz

Editors
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Editorial

Orthopedics and Trauma in Children: Key Problems and
Future Insights
Maher Ghandour 1 , Matthias Klotz 2 and Axel Horsch 1,*

1 Department of Orthopedics, Heidelberg University Hospital, 69120 Heidelberg, Germany
2 Orthopedics and Trauma Surgery, Marienkrankenhaus Soest, 59494 Soest, Germany
* Correspondence: axel.horsch@med.uni-heidelberg.de

Orthopedic disorders among children are frequently encountered in clinical practice.
The underlying causes of such issues can widely vary, including congenital diseases,
developmental disorders, or acquired problems (i.e., infectious, neuromuscular, nutritional,
neoplastic, psychogenic, or traumatic origin).

This special issue featured key research on some of the major disorders that affect the
pediatric population, providing valuable insights into their diagnosis, treatment, clinical
and radiologic outcomes, and prognosis predictors. The majority of articles reported origi-
nal data on orthopedic issues and traumatic events that pediatric patients face in clinical
settings, including developmental dysplasia of the hip (DDH), equinus foot deformity,
idiopathic scoliosis, Ewing sarcoma, and bony fractures.

DDH, one of the most common skeletal abnormalities that affect children [1], was
thoroughly investigated in this issue, with research reporting the clinical and radiologic
outcomes following different therapeutic options, such as foam splint [2], Spica cast [2,3],
or femoral and ileum osteotomy [4]. In addition, a systematic review highlighted some of
the key prognostic factors of such outcomes in patients with DHD undergoing Spica cast
therapy [3].

Other research papers have focused on one of the most critical problems that children
with cerebral palsy (CP) face which is equinus foot deformity. Previous research highlighted
the magnitude of equinus deformity in CP cases, with a prevalence rate ranging from 71
to 99% [5,6]. However, secondary to the absence of a standardized definition/diagnostic
criteria, an accurate estimation cannot be reached. In this issue, key research proposed
a definition criterion for equinus foot by using a cutoff value of ≤5◦ dorsiflexion. The
authors also tackled one of the main problems that face orthopedic surgeons which is the
recurrence of equinus foot following its surgical management in CP cases. The research
indicated a rate of 5–18% for recurrence, varying widely according to the surgical method,
being the highest in single-event multi-level surgery and lowest following the Illizarov
procedure [7].

Bony fractures in children cover approximately one-fourth of all the accidents and
injuries they experience, with distal radius fractures being the most frequent ones [8]. Upper
and lower limb injuries have accounted for 1 out of 5 fracture cases among children. Open
fractures, in particular, pose a significant risk for deep infection and subsequent morbidity
and mortality. In this issue, Kuhn et al. [9] highlighted that the duration between fracture
occurrence and hospital presentation is a significant determinant of deep infection, with
the type of fracture not being associated with infection. Most orthopedic surgeons focus
on the clinical and radiologic outcomes following the surgical management of fractures in
children; however, patients’ health-related quality of life (HR-QoL) is commonly neglected.
Despite the very scarce data on HR-QoL, two of the published studies in this special issue
assessed this outcome in children who have had fractures of the distal forearm and femur
shaft and were treated surgically [10,11]. The extent of fractures correlated significantly
with the resultant HR-QoL [10].
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Idiopathic scoliosis, the most frequently reported 3-dimensional deformity of the spine,
has a relatively low incidence. Based on a recent database analysis of records between 2011
and 2015, the incidence of idiopathic scoliosis was 0.497%, higher in females than males [12].
That being said, the management of idiopathic scoliosis poses a challenge for orthopedic
surgeons. Research published in this issue denotes that 3D imaging can help reduce
postoperative complications and/or reoperation rates in patients undergoing pedicle screw
instrumentation [13]. Additionally, the implementation of the fixation, elongation, and
de-rotation (FED) method can significantly improve most clinical parameters regardless of
bone maturity or the size of scoliotic deformation [14]. Moreover, it has been shown that the
extension of surgery can help predict the occurrence and longevity of acute postoperative
pain in children undergoing posterior spinal fusion [15].

Ewing Sarcoma (ES), although rare, can occur among children and adults. It can
originate from the bone or from the soft tissue around bones, referred to as extraosseous
or extra-skeletal ES. To date, the clinical presentation, management strategies, clinical
outcomes, and prognosis of extra-skeletal ES, particularly among children, have not been
well-defined. The study of Ghandour et al. [16], which was published in this issue, is
the first to provide valuable insights into the clinicodemographic characteristics of extra-
skeletal ES in the pediatric population. That being said, future research should focus on the
comparison between the adult and pediatric populations to determine any differences in
their presentation patterns and clinical outcomes.

Children are a special population with very distinctive, yet widely variable, orthopedic
issues and traumatic events. The presentation, management, and clinical outcomes in this
population can differ from that of the adult population. Therefore, special care should be
directed toward them. Therefore, articles within this special issue intend to contribute to
the understanding of some of the most common orthopedic problems that face them with
valuable insights into diagnosing and managing them.

Conflicts of Interest: The authors declare no conflict of interest.
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Lower-Limb Amputation in Children and Adolescents—A Rare
Encounter with Unique and Special Challenges
Axel Horsch * , Svenja Gleichauf, Burkhard Lehner, Maher Ghandour , Julian Koch, Merkur Alimusaj,
Tobias Renkawitz and Cornelia Putz

Department of Orthopaedics, Heidelberg University Hospital, 69118 Heidelberg, Germany;
svenja.gleichauf@med.uni-heidelberg.de (S.G.); burkhard.lehner@med.uni-heidelberg.de (B.L.);
mghandourmd@gmail.com (M.G.); julian.koch@med.uni-heidelberg.de (J.K.);
merkur.alimusaj@med.uni-heidelberg.de (M.A.); tobias.renkawitz@med.uni-heidelberg.de (T.R.);
cornelia.putz@med.uni-heidelberg.de (C.P.)
* Correspondence: axel.horsch@med.uni-heidelberg.de

Abstract: Background/Aim: The pattern of lower-limb amputation, indications, complications, and
revision in pediatric cases differs globally. Therefore, we conducted this study to describe the pat-
terns of lower-limb amputation at our institution. Methods: During a set period between 2010 and
2020, adolescent patients undergoing lower-limb amputation within the orthopedic department of
Heidelberg University Hospital were retrospectively collected and analyzed. The retrieved dataset
included two parts: data on lower-limb amputations and data on subsequent complications and
revision surgeries at the same time. Besides patients’ general information (age, gender), the dataset
included data regarding amputation patterns (number, indications, and level of amputation, com-
plications, and revision surgeries and their indications). Results: Twenty-two patients undergoing
lower-limb amputation were examined, of which the majority were males (63.6%) with a mean age
of 12 (5.1) years. Tumor was the most common indication for amputation (72.7%), and transfemoral
amputation was the most frequent level (68.2%). Complications occurred in 10 patients, mostly
due to stump impalement or bony overgrowth. Of all recorded patients requiring revision, nine
were regarding bone and one case regarding soft tissue. Conclusions: Lower-limb amputation in
adolescents is a rare encounter and it is commonly indicated due to bone tumors. The thigh is the
most common level of amputation. Postoperative complications are frequent, mainly secondary to
bony overgrowth, and often require revision surgery.

Keywords: amputation; lower extremity; complications; children; adolescents

1. Introduction

Amputations of major limbs, especially in pediatric populations, are a rare encounter.
In patients where amputation is necessary, the subsequent emotional and psychological
impact is often detrimental to both the family and the affected child [1]. These major ampu-
tations of either the lower extremity or upper extremity lead to a substantial disfigurement
of the amputated limb, carrying with it a fairly increased risk for postoperative morbidity
and mortality, and especially children who suffer from limb amputation often perceive
themselves as being incomplete [2]. In this context, creating a stump that is considered fit
for a function-restoring prosthesis is essential for orthopedic surgeons.

The decision to amputate a limb follows at least one of several indications, including
severe trauma, infection, tumors, congenital anomalies, and vascular abnormalities [1].
Evidence suggests that the reasons for amputations and their frequencies differ widely
between countries. For instance, peripheral vascular affection is perceived as the leading
cause of amputation in developed countries, while trauma, infection, and malignant tumors
are reported as leading causes for major limb amputation in developing countries [3,4].
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Although lower-limb amputations in pediatrics is rare, they are often associated with
several complications, mostly being bone overgrowth regarding the amputated end of
the limb and leading to permanent internal penetration of soft tissue under load, making
prosthetic use impossible [5]. Another observed complication is the formation of a sharp-
ended spur that potentially penetrates overlying soft tissue due to continuous growth,
particularly in transfemoral (TF) and transtibial (TT) amputation. Addressing this, revision
surgery may be considered, particularly to correct frequent growth abnormalities [6].

Due to the wide discrepancy in characteristics and outcome of pediatric patients
undergoing major limb amputation within different countries, we conducted this research
to study the pattern of lower-limb amputation in children and adolescents (<18 years of
age), their indications, amputation levels, complications, and subsequent revision surgeries
following amputation at our institution.

2. Materials and Methods
2.1. Study Population and Design

This research is based on a retrospective analysis of patient records containing lower-
extremity amputations at the Orthopedic University Hospital Heidelberg (Figure 1). This
retrospective analysis was based on two main datasets: (1) data of patients who underwent
a lower-extremity amputation during the period from 2010 to February 2020 and (2) data
on complications and revisions performed after amputation during the same period.

Children 2022, 9, x FOR PEER REVIEW 2 of 11 
 

 

tumors are reported as leading causes for major limb amputation in developing countries 

[3,4]. 

Although lower-limb amputations in pediatrics is rare, they are often associated with 

several complications, mostly being bone overgrowth regarding the amputated end of the 

limb and leading to permanent internal penetration of soft tissue under load, making 

prosthetic use impossible [5]. Another observed complication is the formation of a sharp-

ended spur that potentially penetrates overlying soft tissue due to continuous growth, 

particularly in transfemoral (TF) and transtibial (TT) amputation. Addressing this, revi-

sion surgery may be considered, particularly to correct frequent growth abnormalities [6]. 

Due to the wide discrepancy in characteristics and outcome of pediatric patients un-

dergoing major limb amputation within different countries, we conducted this research 

to study the pattern of lower-limb amputation in children and adolescents (<18 years of 

age), their indications, amputation levels, complications, and subsequent revision surger-

ies following amputation at our institution. 

2. Materials and Methods 

2.1. Study Population and Design 

This research is based on a retrospective analysis of patient records containing lower-

extremity amputations at the Orthopedic University Hospital Heidelberg (Figure 1). This 

retrospective analysis was based on two main datasets: (1) data of patients who under-

went a lower-extremity amputation during the period from 2010 to February 2020 and (2) 

data on complications and revisions performed after amputation during the same period. 
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To create the dataset, all surgical procedures with a corresponding code were selected
from the internal procedure list. Then, a review of the collected data using the ICD-10
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and the coding of the surgical procedures to determine complications and performed
revisions was conducted. Retrieved data contained baseline characteristics of patients (age,
gender) as well as clinical information (level and indication of amputation, complications,
and revisions).

2.2. Inclusion and Exclusion Criteria for Amputations

Inclusion criteria were set to patients containing following variables: lower-extremity
amputations, any sex, and less than 18 years of age, at time of amputation surgery. For
dually listed patients, we considered whether the amputation was performed on the
same extremity, thus changing only the level of amputation or whether amputations were
performed on different extremities. In case of two separately conducted amputations of the
same limb, scoring took place as one patient; otherwise, this patient counted as two cases.

Patients that underwent an amputation other than lower extremity, as well as patients
undergoing nonprimary amputation surgery, were excluded from this study. Therefore,
the patient collective contained 23 patients. Reviewing inclusion criteria, 22 patients were
thereafter relevant for further analysis.

2.3. Inclusion and Exclusion Criteria for Complications

To determine whether complications occurred because of initially conducted am-
putations or independently, an examination was performed within the patient cohort
undergoing amputation of the lower extremity. If this was not the case, the patient would
be excluded. If multiple listing of patients was detected, it was checked whether complica-
tions were co- or independent. If a continuing complication was detected, it counted as
one patient and was therefore flagged with “multiple necessary revisions”. Independent
complications were counted individually.

The patient population included a total of 10 patients, all of whom met the inclusion
criteria and were therefore relevant for analysis.

2.4. Study Variables

Age, sex, cause of amputation, level of amputation, complications, and revisions
performed were used as observation characteristics. A differentiated analysis of the above-
mentioned characteristics was then considered.

The causes of amputation were divided into tumor, infection, dysmelia, and circu-
latory disorders. The amputation level was divided into TT amputation, TF amputation,
hemipelvectomy (HP), and hip-disarticulation (HX). With regard to complications, only
residual limb complications occurred in children and adolescents. Revisions were subdi-
vided into soft-tissue and bony.

2.5. Statistical Analysis

Statistical analysis of the collected data was performed using Microsoft Excel 365
(Microsoft 2022, Redmond, Washington, DC, USA), and i.s.h.med (SAP Walldorf, Germany)
to add missing information. Descriptive data were presented as means and standard
deviations (SD) for continuous variables, while categorical and dichotomous variables were
presented as numbers and frequencies.

3. Results
3.1. Demographic and Clinical Characteristics

The baseline characteristics of the retrieved records are summarized in Table 1. A total
of 22 children/adolescents undergoing lower-extremity amputation were included in this
analysis. The mean age was 12 (SD = 5.1) years, and 63.6% (14/22) of patients were males.
The mean follow-up was 4.3 years (SD = 3.4).

Amputation was conducted in all 22 patients with tumor being the most common rea-
son for amputation, accounting for 16 patients (72.7%), followed by dysmelia (13.6%)
and circulation (9.1%), respectively. Of patients with tumor as indication for ampu-
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tation, osteosarcoma was the most commonly reported cause (15/16 patients; 93.8%),
while Ewing’s sarcoma was reported in one case. TF amputation was most common
accounting for 68.2% of patients, followed by HX (13.6%), TT amputation (9.1%), and
HP (9.1%), respectively.

Table 1. Demographic and clinical characteristics of included children/adolescents with lower-
extremity amputation (n = 22).

Variable Subcategory Total Population (n = 22)

Age (years); mean (SD)
12 (5.1)

Gender; n (%)
Male 14 (63.6%)

Female 8 (36.4%)

Causes of Amputation; n (%)
Tumor 16 (72.7%)

Infection 1 (4.5%)
Dysmelia 3 (13.6%)

Circulation 2 (9.1%)
Total 22 (100%)

Level of Amputation; n (%)
Transtibial 2 (9.1%)

Transfemoral 15 (68.2%)
Hemipelvectomy 2 (9.1%)

Hip-disarticulation 3 (13.6%)
Total 22 (100%)

Complications; n (%)
10 (45.45%)

Revision Surgery due to complications; n (%)
10 (45.45%)

n: Number; SD: Standard Deviation.

3.2. Complications following Amputations

Complications occurred in 10 (45.45%) out of 22 amputated patients, all of which
were residual limb complications. Based on an intact growth plate, which is present in
transmetaphyseal amputations (at femoral and tibial levels) (Figure 2), impaling of the
residual limb occurred. This happens mainly due to continuous longitudinal growth of
the bone leading to excessive stress on soft tissue. As a result, 9 of 17 patients (52.9%)
experienced stump impalement (Figure 3).

In four of the nine recorded patients with limb impalement as a complication, a
shorting of the bone and a remolding of the distal end of the stump (deperiosteostomy) was
performed during amputation. This procedure was not used in the remaining five patients.
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3.3. Revisions Secondary to Complications

Revision surgeries following amputation were performed in 10 patients that expe-
rienced postoperative complications, 9 of which received bony revisions accounting for
90% of all revisions, while 1 case had soft tissue revision. A summary of bony revision
procedures that were carried out is provided in Table 2. Stump shortening and stump
revision was most common in our population, accounting for 33.3% of revisions.

Table 2. Summary of the bony revision procedures that were performed in complicated ampu-
tated patients.

Variables Number (%)

Revision with stump shortening + reconstruction with
bone cartilage cap plasty 1 (11.1%)

Stump revision with ablation of bone tips 1 (11.1%)

Stump shortening and stump revision 3 (33.3%)

Stump shortening with periosteoplasty 2 (22.2%)
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Table 2. Cont.

Variables Number (%)

Stump cap plasty with bone wedge from iliac crest 1 (11.1%)

Resection of exostosis and bony aspects 1 (11.1%)

Total 9 (100%)

4. Discussion

Major limb amputation has been perceived as a frequent surgical procedure attempted
in many orthopedic, general, vascular, and trauma settings, mainly for life-saving purposes.
That being said, amputation is commonly associated with a substantial impact on the
affected individual’s social and psychological status [7,8]. The patterns of amputation
indications, frequency, and levels, as well as subsequent complications and need for re-
vision surgeries, are widely variable based on the age of patients, settings, and country
in which they are carried out [1,6]. Therefore, we conducted this retrospective analysis of
children and adolescent patients who underwent lower-limb amputation at our institution
over a 10-year period to report patterns of amputation indications, complications, and
revision surgery.

A total of 22 patients were included for descriptive analysis, following the exclusion
of 1 case that did not match our eligibility criteria. All of them were children or adolescents
with a mean age of 12 years. We observed a male predominance accounting for 63.6%
of amputated patients. This observation stands in line with the recent literature [9–13].
Although, most of the available evidence provides data in adult patients, and it therefore
seems that male predominance in amputation is a common observation across all age
groups. However, this still warrants further investigation to determine the reasons behind
this predominance, as the presented sample size is too small for a principal generalization.

Indications for limb amputation, particularly within pediatric population, vary greatly
in different settings and countries. For instance, some reports indicate almost 80 to 90%
of limb amputations in adults occur as a result of vascular abnormality in developed
countries [14–16] while in developing countries, trauma and infections are perceived as
the most prevalent indications for limb amputations [3,4]. It is assumed that in developed
countries, pediatric amputations are mainly performed to treat tumors, while in developing
countries, trauma and infections are the most common indications. In this study, tumors
were the leading cause of amputation in children/adolescents, followed by dysmelia. This
is somewhat consistent with the study by Chalya et al. [6], where vascular abnormalities
were ranked third as a cause of lower-limb amputation; however, diabetic foot and trauma
were ranked first and second, respectively. Of note, the authors included individuals of
all age groups, while most of them had an age ranging between 41 and 50 years. Similar
to the previous study, Jahmani et al. [5] reported diabetic foot (41.9%) and trauma (38.4%)
as leading indications for amputation. The authors studied indications for lower-limb
amputation in patients with (0-10) and (11-20) years of age, of which primary bone cancer
and trauma were reported as the common indication for amputation within each of these
age groups, respectively. The differences in indication for amputation between this study
and recent literature could be related to this unique and young age group within the
analyzed cohort.

Of note, in our population, the decision of which type of amputation was to be
carried out was solely dependent on the findings of tumor extension, while putting into
consideration an appropriate safety margin. In our study, TF amputation was the most
frequent level of lower-limb amputation among children and adolescents. This is consistent
with current literature, where above-knee amputation was reported as the most common
level of amputation, both in the adult and pediatric population [10,17,18].

We observed many complications in our patients undergoing lower-limb amputation,
accounting for 45.5% of the studied population. All observed complications were residual
limb complications, with stump impalement or bony overgrowth being most frequent
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(nine patients). In four of nine patients, deperiosteostomy was performed to tackle this
complication. Preservation of the length of limb in this population is of great importance,
mainly because the lost distal growth plate accounts for approximately 75% of vertical
femoral growth. In these patients, TF amputations lead to a very short stump leading to a
complex biomechanical situation regarding prosthetic fitting. On the other hand, TT ampu-
tation, although preserving the proximal growth plate, often leads to bony overgrowth at
the distal end, which subsequently may continue growing until growth is stationary within
amputated individuals [1]. Consistent with our findings, bony overgrowth is reported as
the most prevalent complication following lower-limb amputation in adolescents, with
rates ranging from 4 to 50% [19–24]. Importantly, age, location, indication for amputation,
and level of amputations are perceived as attributable factors for such prevalence, whereas
younger individuals are more likely to experience this complication [19,20,25]. This could
be the reason for this complication being so frequent in our population, secondary to the
young age of included individuals.

It is important to highlight an unfamiliar observation in one of our cases, where the
fibula outgrew the tibia following amputation (Figure 4). Although the surgery was per-
formed correctly and no epiphysiodesis was performed, this observation remains unclear.

More so, all amputated individuals in our study who experienced postoperative
complications had undergone revision surgery (10 out of 10 patients). Little is reported
regarding the value of revision surgery on lower-limb amputation, particularly in the
pediatric population due to the scarcity of evidence in this particular field. In a recent
analysis of 71 revision surgeries in patients who underwent lower-limb amputation, it was
reported that soft-tissue pathology (31.0%) was the most common indication for revision
surgery followed by infections (31.0%) and bone pathology (18.3%), respectively [26]. This
differs from our observation, since in our series, nine patients underwent bony revision,
whilst only one case underwent soft tissue revision surgery. This discrepancy could be
related to indication for amputation in the first place, as in our study, tumor (mainly
osteosarcoma) was the main indication for amputation, whereas trauma was most common
for amputation in the previous study [26]. This highlights an important observation
relating to the association between the primary indication for amputation and subsequent
complications and revision surgeries. Nevertheless, larger and prospective studies are
needed to further investigate this observation. That being said, it is of great importance to
mention that this problem of bony impalement begins early in these patients, and due to
the bone overgrowth, there is a significant stress on the surrounding soft tissues, leading
to unequivocal growth and eventually penetration. This in turn results in a significant
impact of affected patients’ life in terms of pain and activities of daily living which can
also negatively impact the affected child’s mental health. In these circumstances, revision
surgery is considered a necessary function-improving intervention.

Surgical options for revision surgery in children and adolescents include stump short-
ening with the option of temporary epiphysiodesis of the proximal growth plates. However,
the resulting reduced bone growth can complicate restoration in very short residual limbs
and lead to instability in the overlying joint, making length preservation/gain advanta-
geous for prosthetic restoration. Even an operation according to Ertl does not solve the
problem of the bone growing further. The orthopedic technical restoration with traction
liners and the prosthetic restoration with stretching/tensioning of the soft tissues (i.e., pin
system) should be optimized accordingly to reduce revision interventions during growth.

Of note, infantile amputation is a rare occurrence and our study is the first to provide
valuable insights into lower-limb amputation patterns and complications in children and
adolescents in Germany over a 10-year period. Despite the high revision rate due to bony
impalement, there is no alternative to amputation in terms of providing good functional
outcome. That being said, our study has several limitations, the biggest of which being the
limited sample size; however, because lower-limb amputation in pediatric populations is
rare, we could analyze this population’s characteristics in a larger dataset, even though a
retrospective design limits the conclusions that could be drawn from it, given the lack of
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important data outlining a better perspective on this patient population. Therefore, future
research should include a larger, more widely representative dataset to further investigate,
describe and analyze lower-limb amputation patterns in pediatric patients.
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5. Conclusions

Lower-limb amputation in children and adolescents is a rare encounter, which is more
predominant in males and is commonly indicated due to bone tumors. TF amputation is the
most common level of amputation. Postoperative complications are reported in nearly half
the amputated population, besides bony overgrowth. Most of these complications indicate
and result in revision surgery to correct for the occurring abnormality, of which stump
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growth is most common. Despite the high revision rate, it must be noted that amputation
is without alternative in these cases. In addition, modern prosthesis fitting usually enables
patients to have very good everyday function.
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Abstract: Background: We conducted this systematic review to provide comprehensive evidence on
the prevalence, clinical features and outcomes of young extraosseous Ewing sarcoma (EES) cases.
Methods: PubMed, Scopus, Web of Science, and Google Scholar were searched for articles reporting
the occurrence of EES among children and adolescents (<21 years). The primary outcome included the
rate of occurrence of EES among children and adolescents, while the secondary outcomes included the
descriptive analyses of the demographic characteristics, tumor characteristics, and clinical outcomes
of the affected cases. The data are reported as the effect size (ES) and its corresponding 95% confidence
interval (CI). Results: A total of 29 studies were included. Twenty-four reported instances of
childhood disease among all the EES cases [ES = 30%; 95%CI: 29–31%], while five studies reported
extraosseous cases among the pediatric EES cases [ES = 22%; 95%CI: 13–31%]. The thorax is the
most common location of childhood EES [33%; 95%CI: 20–46%] followed by the extremities [31%;
95%CI: 22–40%]. Concurrent chemotherapy and radiotherapy [57%; 95%CI: 25–84%] was the most
commonly implemented management protocol in the pediatric EES cases. The rate of no evidence
of disease and 5-year overall survival was 69% for both outcomes. Mortality occurred in 29% of
cases, while recurrence and secondary metastasis occurred in 35% and 16% of cases, respectively.
Conclusions: Our findings provide insight into the clinical features and outcomes of EES among
children and adolescents.

Keywords: Ewing sarcoma; extraosseous; children

1. Introduction

The Ewing sarcoma family of tumors (ESFT) is a collection of small, rounded tumor
cells that have similar neural histological and genetic characteristics [1–4]. ESFT is cat-
egorized into four types based on the origin of the tumor: Ewing sarcoma of the bone,
peripheral primitive neuroectodermal tumor (pPNET), Askin tumor, which originates from
the chest wall, and, finally, the extraosseous or extraskeletal Ewing sarcoma (EES). EES,
which occurs in around 20% of ES cases, typically originates from the soft tissues of the
trunk and extremities [5], and the majority of these cases are reported among patients who
are 10–30 years of age [6].

Based on a previous report, the incidence of EES is 0.4 per million individuals, which
is lower than that of ES of the bone by 10-fold [7]. Although uncommon, the occurrence
of EES seems to have a bimodal distribution, where there is a peak in the occurrence
rate among children (<5 years) and adults (>35 years) [8], with an increased likelihood of
presenting among older populations compared to ES of the bone. Unlike Ewing earcoma of
the bone, no evidence supports a link between the tumor and race or biological sex [8–10].

The management of EES includes surgery [11] and chemotherapy [10,12,13] in re-
sectable tumors. Under unresectable conditions, radiotherapy is usually considered [14].
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According to the National Comprehensive Cancer Network (NCCN), the optimum manage-
ment of EES remains not clearly defined [15,16], although some studies have highlighted
an added value of surgery among EES cases compared to Ewing sarcoma of the bone in
terms of better survival rates [17,18]. In general, the prognosis of EES is more favorable
than that of the bone [9,10].

To date, there is no clear picture regarding the occurrence rate of EES among chil-
dren and adolescents (<21 years), as well as their demographic characteristics, tumor
characteristics (i.e., location), treatment modalities, and clinical outcomes (i.e., survival,
mortality, recurrence). Therefore, we conducted this systematic review and meta-analysis
to provide collective evidence regarding the clinical characteristics and outcomes in this
patient population.

2. Materials and Methods
2.1. Study Design and Search Strategy

This systematic review was performed in accordance with the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines [19]. A protocol
was not registered, since it is not mandatory, as per several recommendations [20,21]. On
26 July 2022, PubMed, Scopus, Web of Science, and Google Scholar were searched for
articles that report the presentation of EES in the pediatric population (children and young
adolescents <21 years of age). Of note, only the first 200 records from Google Scholar were
retrieved and screened according to recently published guidelines [22]. We updated the
database search on 24 August 2022 to ensure that no additional relevant reports had been
published prior to the qualitative and quantitative analyses [23].

We used a combination of keywords and terms in our search, which included the
following: (“Ewing Sarcoma” OR “Ewing’s Sarcoma”) AND (adolescen* OR Child* OR
Pediatric* OR “young adult”) AND (“soft tissue” OR extraskeletal OR extraosseous) AND
(clinicopathologic* OR “clinical feautre” OR “clinical characteristic*” OR “clinical out-
come*”). The terms of the Medical Subject Headings (MeSH) were also added (particularly
in PubMed) to retrieve all the possibly relevant articles. The detailed search criteria used
for each database are described in Supplementary Table S1.

Moreover, we conducted a manual search to find any relevant articles that may
have potentially been excluded during the screening phase or were not found during the
database search [24,25]. This strategy was conducted through three different approaches:
(1) screening the titles of the reference list of the final included papers, (2) reading the
titles and abstracts of articles similar to final included studies through the “similar articles”
function on PubMed, and (3) conducting a random search on Google using keywords
similar to those of the original database search, such as: “Ewing sarcoma” + “child”. It is
noteworthy that no filters were used during the database search regarding the language of
the research paper, year in which the paper was published, or the country of the first author.

2.2. Eligibility Criteria

The methodology and design of this review were conducted as per the PICO frame-
work [26,27], including the population (pediatric cases of EES), intervention (none), com-
parison (none), and outcome (primary outcome: prevalence rate of EES in children and
adolescents; secondary outcomes: clinicodemographic characteristics, tumor characteristics,
and clinical outcomes in pediatric cases of EES).

For articles to be included, a study had to: (1) report original data, (2) include cases of
EES, (3) report cases aged <21 years. On the other hand, studies were excluded if they were
compliant with one of the following criteria: (1) non-original research (i.e., review articles,
editorials without human data, commentaries, theses, conference abstracts/posters, and
books), (2) animal, in vivo, and in vitro studies, (3) case reports and case series of <5 cases,
(4) studies reporting EES cases of mixed ages (children, adolescents, adults, and elderly)
without stratifying the cases according to their age, (5) studies reporting Ewing sarcomas of
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mixed origin (extraosseous and skeletal) in children without stratifying the cases according
to their origin, and (6) duplicated records.

2.3. Screening and Study Selection

Following the retrieval of records through the database search [28], the references
were imported to EndNote (Version 8) for duplicate removal and to organize the screening
sheet [29]. The screening sheet included the following: article ID, list of authors’ names,
year of publication (YOP), research paper’s title, DOI, journal name, and abstract. The
screening was carried out in three separate stages: title, abstract, and full-text screening. All
of these steps were performed by two sets of two reviewers each. Any differences between
the reviewers were reviewed and resolved by the senior author [30].

Significantly, upon reviewing the literature, two categories of articles were found to
be consistent with our eligibility criteria. The first group of articles included patients with
EES, among whom pediatric cases were counted, and the second group of articles included
pediatric cases, of whom the origin of Ewing sarcoma was determined (extraosseous or
skeletal). Both of these categories were included, extracted, and presented separately in
our review.

2.4. Extraction and Quality Assessment

The data extraction process was carried out in a similar manner as the screening
stage [31]. The senior author designed a pilot data extraction sheet through the Excel
software (version 2021) that was consistent with the study objectives. The sheet included
5 domains. The first domain highlighted the baseline characteristics of the included studies
(authors’ names, year of publication, country, study design, sample size, and follow-up
duration). The second domain included the demographic characteristics of the included
participants, such as age and biological sex. The third domain included the location of
the EES among the pediatric cases (i.e., cranium, female genital tract, orbit, head and
neck, pelvis, extremities, thorax, abdomen). The fourth domain included the tumor’s
characteristics (i.e., management modalities (i.e., surgery alone, surgery combined with
radiotherapy, surgery combined with chemotherapy, etc.). The final domain included the
patients’ clinical outcomes in terms of the overall survival (OS), progression-free survival
(PFS), disease-specific survival (DSS), secondary metastasis, no evidence of disease (NED),
mortality, and recurrence. Two reviewers extracted the data from the included studies for
further qualitative and quantitative synthesis, as per the recommended guidelines [32,33].

2.5. Data Synthesis

All quantitative analyses were conducted using the STATA software (version 17) with
the metaprop command [34]. The exact cimethod [34] was used to pool the effect size
(ES)—occurrence rate of EES in the pediatric cases—along with its 95% confidence interval
(CI). Importantly, for the purposes of discussing the findings of our review, the term ES
will refer to the effect size and not Ewing sarcoma (which will not be abbreviated in this
manuscript). The random-effects and fixed-effects models were used according to the pres-
ence or absence of heterogeneity, respectively [35,36]. Heterogeneity was measured using the
I2 statistic, where a value of >50% or a p-value of <0.05 indicates significant heterogeneity.

3. Results
3.1. Search Results

A summary of the results of the electronic database search, as well as the screening
stage, is provided in Figure 1. The initial database search resulted in 2611 references, out
of which 179 duplicated records were found and removed using the EndNote software
(version 8). The titles and abstracts of 2432 articles were screened, resulting in 276 articles
eligible for full-text screening. The full texts of six studies were not found and, there-
fore, these were excluded. A total of 241 studies were excluded as follows: adult cases
(n = 22), skeletal involvement (n = 23), case reports (n = 73), duplicated records (n = 2),
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elderly cases (n = 2), in vitro studies (n = 3), mixed-age populations (n = 82), no data on
sarcoma origin (n = 5), non-Ewing sarcoma (n = 23), and reviews (n = 6). The updated and
manual search yielded no more studies, so that the final number of included studies was
equal to 29 reports. Twenty-four articles reported the rate of childhood cases among those
with EES (of all ages), while five studies reported the rate of extraosseous involvement in
pediatric Ewing sarcoma (of mixed origin—skeletal and extraosseous) cases.
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3.2. Baseline Characteristics of the Included Studies

The baseline characteristics of the included studies are presented in Table 1. Among
the 24 studies that reported the rate of childhood cases among all the EES cases (adults
and children), two were conducted in the United Kingdom (UK), two in China, one in
Germany, three in India, three in Italy, one in Japan, one in Korea, one in Turkey, and ten
in the United States (US). Five studies were case series, fourteen were retrospective chart
reviews, one was a registry-based study, three were SEER-based studies, and one was a
secondary analysis of three prospective studies. The number of included patients with EES
in the individual studies ranged from 8 [37–39] to as high as 3178 [40] patients, with a total
sample size of 5752 patients with EES. The follow-up was reported in 16 studies, ranging
from as low as 0.9 [41] months to as high as 349 months [42].

Among the five studies that reported the rate of EES among children with ES, one
study was conducted in the Netherlands, three in the US, and one in China. Three studies
were retrospective chart reviews, one was a multicenter cohort study, and one was a
secondary analysis of two clinical trials. The sample size of included pediatric patients
with Ewing sarcoma ranged from 18 [43] to 1039 cases [9], with an overall sample size of
1190. The follow-up duration was reported in only two studies ranging from 56.4 [44] to
120 months [45].
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Table 1. Baseline characteristics of the included studies.

Author (YOP) Country Design Sample FU (Months)

Studies reporting the rate of childhood among all EES Cases (adults and children)

Banerjee (1997) [37] UK Case series 8 5–12

Biswas (2014) [46] India Chart review 374 25 *

Boyce-Fappiano (2021) [2] USA Chart review 60 74 *

Casanova (2007) [47] Italy Case series 52 120 *

Chen (2019) [48] USA Chart review 31 24.8

Chiang (2017) [49] USA Chart review 19 NR

Deshpande (2021) [38] India Case series 8 15–43

Gupta (2010) [50] USA Chart review 53 46.8 *

Jiang (2018) [40] China SEER-based study 3178 NR

Koka (2021) [39] USA Case series 8 52.63

Koscielniak (2021) [4] Germany Secondary analysis of
three prospective studies 243 84 *

Lee (2010) [51] Korea Chart review 94 24.9

Livellara (2022) [42] Italy Chart review 57 5–349

Muratori (2020) [52] Italy Chart review 29 37 *

Murugan (2018) [53] USA Chart review 23 5–156

Pradhan (2011) [54] UK Chart review 253 87

Qureshi (2013) [55] India Chart review 32 NR

Raney (1997) [56] USA Registry-based study 130 NR

Neriman (2009) [57] Turkey Case series 13 NR

Takenaka (2016) [58] Japan Chart review 74 44 *

Tarek (2020) [41] USA Chart review 30 0.9

Verma (2017) [59] USA SEER-based study 415 NR

Wong (2015) [60] USA SEER-based study 550 NR

Xie (2010) [61] China Chart review 18 NR

Studies reporting the rate of EES among cases of childhood Ewing sarcoma

Bosma (2022) [45] The Netherlands Multicenter cohort 60 120

Cash (2015) [9] USA Secondary analysis of
2 clinical trials 1039 NR

Huh (2017) [44] USA Chart review 42 56.4 *

Majeed (2019) [62] USA Chart review 31 NR

Xiao (2016) [43] China Chart review 18 NR

* Data are reported as the median and not the mean. YOP: year of publication; USA: United States of America;
NR: not reported; UK: United Kingdom; FU: follow-up; EES: extraosseous Ewing sarcoma.

3.3. Demographic Characteristics of the Included Participants

The demographic characteristics of the included patients are illustrated in Table 2.
Among the studies that included patients with EES regardless of their age, the rate of
affected children ranged from as low as 5.63% (31 out of 550 cases) [60] to as high as
100% [55,56]. The pooled rate of childhood EES among the patients with EES was 30%
[3001 patients, 95%CI: 29–31%; I2 = 99.01%]. Out of the pediatric cases diagnosed with EES,
52.45% were males (224 out of 427 patients).
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Table 2. The demographic characteristics of the included participants in each study with an overall
estimation of the rate of the presentation with EES in childhood.

Author (YOP)
Rate of Pediatric Cases in EES Biological Sex (Male)

N T % Definition N T %

Studies reporting the rate of childhood among all EES cases (adults and children)

Banerjee (1997) [37] 6 8 75.00% 9–17 3 6 50%

Biswas (2014) [46] 29 60 48.33% ≤15 - - -

Boyce-Fappiano (2021) [2] 14 60 23.33% ≤20 - - -

Casanova (2007) [47] 9 9 100.00% 1–18 - - -

Chen (2019) [48] 17 31 54.83% <20 - - -

Chiang (2017) [49] 4 19 21.05% 12–16 0 4 0%

Deshpande (2021) [38] 6 8 75.00% 1–13 2 6 33.33%

Gupta (2010) [50] 2 29 6.89% 0.3–16.2 - - -

Jiang (2018) [40] 413 981 42.09% 0–19 - - -

Koka (2021) [39] 4 8 50.00% 2–8 4 4 100%

Koscielniak (2021) [4] 221 243 90.94% 1–21 118 221 53.39%

Lee (2010) [51] 21 94 22.34% ≤12 - - -

Livellara (2022) [42] 18 57 31.57% ≤12 - - -

Muratori (2020) [52] 20 29 68.96% <20 - - -

Murugan (2018) [53] 4 23 17.39% 8–19 2 4 50%

Pradhan (2011) [54] 70 129 54.26% <16 - - -

Qureshi (2013) [55] 32 32 100.00% 1–19 23 32 71.87%

Raney (1997) [56] 130 130 100.00% 1–20 61 130 46.92%

Neriman (2009) [57] 13 13 100.00% - 7 13 53.84%

Takenaka (2016) [58] 3 25 12.00% - - - -

Tarek (2020) [41] 7 30 23.33% 1–19 4 7 57.14%

Verma (2017) [59] 164 415 39.51% 0–18 - - -

Wong (2015) [60] 31 550 5.63% <12 months - - -

Xie (2010) [61] 9 18 50.00% <18 - - -

Total 1247 3001 ES = 0.30 [95%CI: 0.29–0.31] 224 427 52.45%

Author (YOP)
Rate of EES in Pediatric Cases Biological sex (Male)

N T % N T %

Studies reporting the rate of EES among cases of childhood Ewing sarcoma

Bosma (2022) [45] 6 60 10.00% - - - -

Cash (2015) [9] 213 1039 20.50% - 116 213 54.46%

Huh (2017) [44] 6 42 14.28% - - - -

Majeed (2019) [62] 10 31 32.25% - - - -

Xiao (2016) [43] 10 18 55.55% - 6 10 60.00%

Total 245 1190 ES = 0.22 [95%CI: 0.13–0.31] 122 223 54.70%

YOP: year of publication, N: number, T: total sample size, EES: extraosseous Ewing sarcoma.

Among the studies that included pediatric cases of Ewing sarcoma regardless of its
origin, the rate of presentation with a disease of extraosseous origin ranged from 10%
(6 out of 60 cases) [45] to 55.55% (10 out of 18 cases) [42], with an overall pooled rate of 22%
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[1190 patients, 95%CI: 13–31%; I2 = 19.28%]. Out of the pediatric cases diagnosed with EES,
54.70% (122 out of 223) were males.

3.4. The Location of EES in the Pediatric Cases

Among the included studies, only 13 reported data regarding the location of EES
among the pediatric cases (Table 3). The pooled meta-analysis revealed that the thorax was
the predominant site where EES occurred [33%; 95%CI: 20–46%] followed by the extremities
[31%; 95%CI: 22–40%], the head and neck [14%; 95%CI: 7–21%], the pelvis [13%; 95%CI:
9–16%], the abdomen [10%; 95%CI: 4–16%], the spine [8%; 95%CI: 6–11%], the intracranial
space [8%; 95%CI: 1–33%], and finally the orbit [2%; 95%CI: 0–4%]. Of note, among the
pediatric cases, the occurrence of EES in the skin, the kidney, and the female genital tract
was scarcely reported, and the performance of a meta-analysis was not feasible due to the
lack of sufficient data.

Table 3. The location of extraosseous Ewing sarcoma in the pediatric cases.

Author (YOP) Total
Skin—

Subcutaneous
Tissue (N)

Kidney
(N)

Intra-
cranial

(N)

Female
Genital

Tract (N)

Orbit
(N)

H&N
(N)

Pelvis
(N)

Spine
(N)

Thorax
(N)

Abdomen
(N)

Extremity
(N)

Banerjee (1997) [37] 6 6 - - - - - - - - - -

Biswas (2014) [46] - - - - - - - - - - - -

Boyce-Fappiano (2021) [2] - - - - - - - - - - - -

Casanova (2007) [47] - - - - - - - - - - - -

Chen (2019) [48] 17 - - 17 - - - - - - - -

Chiang (2017) [49] 4 - - 4 - - - - - - -

Deshpande (2021) [38] 6 - - 6 - - - - - - - -

Gupta (2010) [50] - - - - - - - - - - - -

Jiang (2018) [40] - - - - - - - - - - - -

Koka (2021) [39] 4 - - - - 4 - - - - - -

Koscielniak (2021) [4] 221 - - - - - 40 26 23 48 24 65

Lee (2010) [51] - - - - - - - - - - - -

Livellara (2022) [42] - - - - - - - - - - - -

Muratori (2020) [52] - - - - - - - - - - - -

Murugan (2018) [53] 4 - 4 - - - - - - - - -

Pradhan (2011) [54] - - - - - - - - - - - -

Qureshi (2013) [55] 32 - - - - - 11 - - 1 19

Raney (1997) [56] 130 - - - - 2 8 - - 32 20 26

Neriman (2009) [57] 13 - - 1 - 3 - - - - 5

Takenaka (2016) [58] - - - - - - - - - - - -

Tarek (2020) [41] 7 - 7 - - - - - - - - -

Verma (2017) [59] - - - - - - - - - - - -

Wong (2015) [60] - - - - - - - - - - - -

Xie (2010) [61] - - - - - - - - - - - -

Bosma (2022) [45] - - - - - - - - - - - -

Cash (2015) [9] 213 - - - - - 17 29 15 92 - 56

Huh (2017) [44] - - - - - - - - - - - -

Majeed (2019) [62] - - - - - - - - - - - -

Xiao (2016) [43] 10 - - - - - 2 1 0 6 - 0

Total N/T 6/6 11/11 24/36 4/4 9/147 78/606 56/444 38/444 178/574 45/383 171/619

% 100 100 66.66 100 6.12 12.87 12.61 8.55 31.01 11.75 27.62

ES [95%CI] N/A N/A 0.08 [0.01–
0.33] N/A

0.02
[0.0–
0.04]

0.14
[0.07–
0.21]

0.13
[0.09–
0.16]

0.08
[0.06–
0.11]

0.33
[0.20–
0.46]

0.10
[0.04–
0.16]

0.31
[0.22–
0.40]

YOP: year of publication; N: number of cases; T: total number of pediatric cases of EES; EES: extraosseous Ewing
sarcoma; H&N: head and neck; ES: effect size; CI: confidence interval.
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3.5. The Characteristics of EES among the Pediatric Cases

Among the included studies, the management modalities in childhood EES were
described and reported in ten studies (Table 4), among which concurrent chemother-
apy and radiotherapy [13 patients, 57%; 95%CI: 25–84%] was the most frequently em-
ployed treatment protocol, followed by surgery combined with radiotherapy [236 patients,
55%; 95%CI: 28–82%], surgery alone [223 patients, 53%; 95%CI: 37–68%], surgery com-
bined with chemotherapy [36 patients, 29%; 95%CI: 5–52%], and finally radiotherapy
alone [219 patients, 16%; 95%CI: 11–21%].

Table 4. Trends in the management modalities of pediatric cases of extraosseous Ewing sarcoma
reported in the literature.

Author (YOP)
Surgery Alone RT Alone Surgery + RT Surgery + CT Concurrent CT with RT

N T N T N T N T N T

Banerjee (1997) [37] - - - - - - 3 6 - -

Biswas (2014) [46] - - - - - - - - - -

Boyce-Fappiano (2021) [2] - - - - - - - - - -

Casanova (2007) [47] - - - - 6 9 - - 6 6

Chen (2019) [48] - - - - - - - - - -

Chiang (2017) [49] 3 4 - - 1 4 0 4 - -

Deshpande (2021) [38] - - - - 5 6 1 6 - -

Gupta (2010) [50] - - - - - - - - - -

Jiang (2018) [40] - - - - - - - - - -

Koka (2021) [39] - - - - 3 4 - - - -

Koscielniak (2021) [4] - - - - - - - - - -

Lee (2010) [51] - - - - - - - - - -

Livellara (2022) [42] - - - - - - - - - -

Muratori (2020) [52] - - - - - - - - - -

Murugan (2018) [53] - - - - - - - - - -

Pradhan (2011) [54] - - - - - - - - - -

Qureshi (2013) [55] - - - - - - - - - -

Raney (1997) [56] - - - - - - - - - -

Neriman (2009) [57] - - - - - - 13 13 - -

Takenaka (2016) [58] - - - - - - - - - -

Tarek (2020) [41] - - - - - - 7 7 4 7

Verma (2017) [59] - - - - - - - - - -

Wong (2015) [60] - - - - - - - - - -

Xie (2010) [61] - - - - - - - - - -

Bosma (2022) [45] 4 6 1 6 - - - - - -

Cash (2015) [9] 99 213 34 213 63 213 - - - -

Huh (2017) [44] - - - - - - - - - -

Majeed (2019) [62] - - - - - - - - - -

Xiao (2016) [43] - - - - - - - - - -

Total 106 223 35 219 78 236 24 36 10 13

% 47.53% 15.98% 33.05% 66.67% 76.92%

ES [95%CI] 0.53 [0.37–0.68] 0.16 [0.11–0.21] 0.55 [0.28–0.82] 0.29 [0.05–0.52] 0.57 [0.25–0.84]

YOP: year of publication; CT: chemotherapy; RT: radiotherapy; ES: effect size; CI: confidence interval; N: number
of cases; T: total sample of pediatric cases of EES; EES: extraosseous Ewing sarcoma.

3.6. The Clinical Outcomes of EES among the Pediatric Cases

The clinical outcomes associated with childhood EES are presented in Table 5. The
5-year OS was reported in 11 studies, out of which 664/1066 pediatric EES cases survived.
The pooled 5-year OS rate was 69% [95%CI: 56–81%]. The 5-year PFS, DSS, and DMFS
were reported in only a single study, which was not enough to derive conclusions or be for
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the data to be included in a meta-analysis. Seven studies reported no evidence of disease
among 257 out of the 288 cases, with a pooled rate of 69% [95%CI: 51–87%]. Morality was
reported in ten studies, where 120 deaths occurred among 404 pediatric cases of EES, with
a pooled mortality rate of 29% [95%CI: 25–33%]. Meanwhile, recurrence was reported in
five studies (19 cases out of 60 pediatric EES cases), with a pooled recurrence rate of 35%
[95%CI: 16–54%]. Finally, secondary metastasis was reported in three studies, occurring in
38 cases out of 236 pediatric EES patients, with a pooled rate of 16% [95%CI: 11–21%].

Table 5. The clinical outcomes of pediatric patients with extraosseous Ewing sarcoma.

Author (YOP)
5-Year OS 5-Year

PFS
5-Year
DSS

5-Year
DMFS Mortality NED Recurrence Secondary

Metastasis

N T N T N T N T N T N T N T N T

Banerjee (1997) [37] - - - - - - - - 1 6 - - 1 6

Biswas (2014) [46] 16 29 11 29 - - - - - - - - - - - -

Boyce-Fappiano (2021) [2] - - - - 12 14 9 14 - - 9 14 - - - -

Casanova (2007) [47] 9 9 - - - - - - 1 9 - - - - 1 9

Chen (2019) [48] - - - - - - - - - - - - - - - -

Chiang (2017) [49] - - - - - - - - 1 4 2 4 - - - -

Deshpande (2021) [38] - - - - - - - - 1 6 4 6 2 6 - -

Gupta (2010) [50] - - - - - - - - - - - - - - - -

Jiang (2018) [40] 268 413 - - - - - - - - - - - - - -

Koka (2021) [39] - - - - - - - - 1 4 3 4 - - - -

Koscielniak (2021) [4] 73 221 - - - - - - 65 221 209 221 - - 36 221

Lee (2010) [51] 16 21 - - - - - - - - - - - - - -

Livellara (2022) [42] 17 18 - - - - - - - - - - - - - -

Muratori (2020) [52] 14 20 - - - - - - - - - - - - - -

Murugan (2018) [53] - - - - - - - - 1 4 - - 1 4 - -

Pradhan (2011) [54] - - - - - - - - - - - - - -

Qureshi (2013) [55] 26 32 - - - - - - - - 29 32 6 32 - -

Raney (1997) [56] 61 87 - - - - - - 42 130 - - - - - -

Neriman (2009) [57] - - - - - - - - 4 13 - - 7 11 - -

Takenaka (2016) [58] 2 3 - - - - - - - - - - - - - -

Tarek (2020) [41] - - - - - - - - 3 7 1 7 3 7 - -

Verma (2017) [59] - - - - - - - - - - - - - - - -

Wong (2015) [60] - - - - - - - - - - - - - - - -

Xie (2010) [61] - - - - - - - - - - - - - - - -

Bosma (2022) [45] - - - - - - - - - - - - - - - -

Cash (2015) [9] 162 213 - - - - - - - - - - - - - -

Huh (2017) [44] - - - - - - - - - - - - - - - -

Majeed (2019) [62] - - - - - - - - - - - - - - - -

Xiao (2016) [43] - - - - - - - - - - - - - - - -

Total 664 1066 11 29 12 14 9 14 120 404 257 288 19 60 38 236

% 62.28% 37.93% 85.71% 64.28% 29.70% 89.23% 31.66% 16.10%

ES [95%CI] 0.69 [0.56–0.81] N/A N/A N/A 0.29 [0.25–0.33] 0.69 [0.51–0.87] 0.35 [0.16–0.54] 0.16 [0.11–0.21]

YOP: year of publication; N: number of cases of the outcome; T: total number of pediatric cases of EES;
EES: extraosseous Ewing sarcoma; ES: effect size; CI: confidence interval; OS: overall survival; PFS: progression-
free survival; DSS: disease-specific survival; NED: no evidence of disease; DMFS: distant-metastatic free survival;
N/A: not applicable for meta-analysis.

4. Discussion

There is limited evidence regarding the occurrence rate and clinical characteristics
of EES in children. Our systematic review is the first to comprehensively discuss the
prevalence, clinical features, and outcomes of EES patients of pediatric age (less than
21 years). A summary of our key findings can be found in Table 6. Overall, a total of
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29 studies reporting on 5752 patients were analyzed. In our study, we found that the rate of
affected children and adolescents with EES in a population with EES (mixed age) varied
substantially between the studies, ranging from 5.63% [60] to as high as 100% [55]. This
discrepancy could be related to the design and methodology of the included studies, since
some studies included patients with EES regardless of the age group at baseline, while a
few studies included pediatric cases of EES at baseline [55,56]. Overall, our meta-analysis
revealed that 30% of the EES cases occurred among children and adolescents. Consistent
with previous observations [8,9], no link was noted between EES presentation in children
and biological sex. The pooled rate of male pediatric patients with EES was 52.45%, which
is relatively similar to that of female cases (47.55%).

Table 6. Summary of the key findings on the pediatric EES cases in our review.

Outcome Category
The Rate of Children

among Patients
with EES

The Rate of
Extraosseous Origin in
Pediatric Cases of ES

Prevalence

N/T 1247/3001 245/1190

% [95%CI] 30% [29–31%] 22% [13–31%]

Biological sex

N/T 224/427 122/223

% 52.45% 54.70%

Location of EES in pediatric cases

Most common
Thorax 33% [20–46%]

Extremity 31% [22–40%]

Least common Orbit 2% [0–4%]

Clinical outcomes

5-year OS 69% [56–81%]

Mortality 29% [25–33%]

NED 69% [51–87%]

Recurrence 35% [16–54%]

2ry metastasis 16% [11–21%]

In addition, five studies included children affected with ES at baseline, and then the
origin of the tumor was analyzed in these cases. The rate of EES out of all the ES types
ranged from 10% to 55.55% among the individual studies. Again, the difference in reported
rates could be related to the design and methodology implemented in each study. That
being said, in our meta-analysis, the rate of EES occurrence among the pediatric ES cases
was 22%, of whom 54.70% were males.

Data on the location of EES among pediatric cases is scarce, since the majority of the
available studies in the literature include patients with mixed ages and tend to stratify
the outcomes (i.e., survival) based on age (children vs. adults or the elderly), without
stratifying the clinical characteristics or tumor characteristics based on the age of the
examined patients. Therefore, the data reported in our review regarding the EES location
in the pediatric cases rely mainly on case series with a case-by-case description of the
tumor characteristics. Thirteen studies reported relevant data on the location of EES, and
our pooled meta-analysis revealed that the thorax is the most predominant origin for EES
in children and adolescents, followed by the extremities, the head and neck, the pelvis,
the abdomen, the spine, and the intracranial space, respectively. In certain cases, the EES
originated in the orbit among the pediatric cases; however, the occurrence rate did not
surpass the rare event assumption (>5%). Additionally, other sites, such as the great toe [63],
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the mesocolon [64], the frontal sinus [65], and the penis [66], have been described as rare
cases. Moreover, the kidneys [41,53], the skin [37], and the female genital tract [49] have
been reported as sites of origin of EES in pediatric cases in several case series; however, not
enough data were present to perform a meta-analysis of the prevalence in this case.

There is a debate on the best management approach for EES cases occurring in children,
and this uncertainty is related to the rarity of EES, the discrepancy in its clinical presentation,
and the differences in the patients’ characteristics [67]. In addition, this patient population
is underrepresented in clinical trials directed towards the investigation of the efficacy
and safety of various treatment modalities among pediatric cases of EES. In our review,
only ten studies reported the treatment modalities according to different age groups, and
the majority of the data were pooled from case series. Overall, the majority of cases
were treated with concurrent chemotherapy and radiotherapy (57% of cases), followed by
surgery and radiotherapy (55%), surgery alone (53%), surgery and chemotherapy (29%),
and radiotherapy alone in cases of unresectable tumors (16%). It is important to mention
that the confidence interval of these reported rates is wide, reflecting the imprecision of
the reported effect estimates. Therefore, these data should be interpreted with caution
and should not be perceived as representative of the EES pediatric population. More
data from properly designed research studies are still needed to confirm this observation.
Additionally, the available data did not present survival outcomes stratified by these
treatment modalities in the pediatric cases separately. Therefore, future studies should
carefully consider stratifying data (clinical characteristics and outcomes) based on the
origin of the tumor (skeletal vs. extraskeletal) and age of the included patients (children vs.
adults vs. the elderly).

In our study, we found that a great proportion of pediatric EES patients have a
preferable prognosis in terms of their 5-year overall survival (with an overall rate of 69%),
which is consistent with that of cases with no evidence of disease following treatment
(an overall rate of 69%). However, mortality was documented in almost one-third of the
pediatric EES population (120 deaths out of 404 cases, an overall rate of 29%). Additionally,
recurrence was reported in 35% of cases, while secondary metastasis was reported in 16%.
That being said, these rates should be based on the available data of 11 studies out of the
29 studies included in our review. Therefore, the presented data are not generalizable to
the whole EES pediatric population.

Meanwhile, our review has several limitations. The most important is the fact that
our estimates regarding the prevalence of childhood EES among EES cases (of all ages) or
the prevalence of cases of extraosseous origin among the pediatric Ewing sarcoma cases
could be overestimated, since the majority of the included studies investigated EES cases
and not the Ewing sarcoma population as a whole. In addition, most of these studies are
based on retrospective analyses and not cross-sectional in design, which further limits the
generalizability of our findings.

5. Conclusions

Although it is difficult to draw solid conclusions, our results highlight the proportion of
children affected by extraosseous Ewing sarcoma, with a special focus on the demographic
characteristics, tumor characteristics, and clinical outcomes of the affected patients.
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Abstract: Background: Equinus foot is the deformity most frequently observed in patients with
cerebral palsy (CP). While there is widespread agreement on the treatment of equinus foot, a clear
clinical definition has been lacking. Therefore, we conducted this study to evaluate functional
changes in gait analysis in relation to maximum possible dorsiflexion (0◦, 5◦, 10◦ and 15◦) and in
two subgroups of CP patients (unilateral and bilateral). Methods: In this retrospective study, CP
patients with different degrees of clinically measured maximum dorsiflexion were included. We
further subdivided patients into unilaterally and bilaterally affected individuals and also included a
healthy control group. All participants underwent a 3D gait analysis. Our goal was to determine the
degree of maximum clinical dorsiflexion where the functional changes in range of motion (ROM) and
ankle moment and power during gait were most evident. Then, a subgroup analysis was performed
according to the affected side. Results: In all, 71 and 84 limbs were analyzed in unilaterally and
bilaterally affected subgroups. The clinically 0◦ dorsiflexion group barely reached a plantigrade
position in the 3D gait analysis. Differences in ROM were observed between subgroups. Ankle
moment was quite similar between different subgroups but to a lower extent in the unilateral group.
All CP patients had reduced ankle power compared to controls. Conclusions: A cutoff value of
clinical ≤5◦ dorsiflexion is the recommended value for defining a functionally relevant equinus foot
in CP patients.

Keywords: cerebral palsy; equinus; dorsiflexion; plantarflexion; definition

1. Introduction

Equinus foot is the deformity most frequently reported in patients with cerebral palsy
(CP) [1]. There are two main types of equinus deformities, and the management approach
differs for each type. The first type is known as dynamic equinus, which occurs when
the calf muscles become spastic and, in most cases, there is no actual shortening of the
gastrosoleus muscle structure yet. Therefore, it is not managed surgically but rather by
physical therapy, foot orthosis, casting or botulinum toxin injection i.a. [2]. The second type
is referred to as fixed or static equinus with evident contract shortening of the gastrosoleus
muscle [3]. In this case, the condition is usually treated surgically by lengthening the
affected muscle or its tendon. A wide variety of surgical interventions have been reported
in the literature for this type of equinus, and international consensus for treatment has been
reached [4,5].

Importantly, proper identification and diagnosis of equinus foot are considered the first
step in implementing an appropriate intervention and in reaching a successful outcome [3].
However, there is a clear lack of consensus in the literature on how to properly identify and
diagnose equinus foot in CP. A recent survey among 223 orthopedic surgeons highlighted
that most of them regularly perform a clinical gait assessment in CP patients they encounter,
not specifying if visual or instrumented [6]. However, when it comes to diagnosing equinus
foot, their practices differed: 14% rely solely on foot dorsiflexion above plantigrade with an
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extended knee and neutral hindfoot, and 86% use the “Silfverskjöld test” in addition to the
previous approach [6].

In the same context, orthopedic surgeons depend mainly on ankle dorsiflexion to
assess equinus; however, there is no clear cutoff value of ankle dorsiflexion to define
equinus foot. It is of course difficult to determine such a value, as in CP, equinus must never
be considered in isolation; this applies especially for bilateral but also for unilateral CP. The
sagittal gait pattern should be identified and described, as the ankle and knee levels are
linked by coupling (e.g., the plantar flexion knee extension couple), and treatment should
therefore be indicated with caution. Rang’s aphorism that ”a little equinus is better than
calcaneus” can usually be agreed on, and individual decisions have to made with each
patient [7].

Surprisingly, only a minority of studies report a cutoff value used to define equinus.
For example, Horsch et al. [8] defined equinus foot as ≤5◦ of clinical ankle dorsiflexion
in the extended knee. However, most reports assessing the efficacy of different surgical
interventions for equinus foot did not report a clear diagnostic criterion [9–13]. This lack
of a standard diagnostic criterion further demonstrates why the actual prevalence rate of
equinus foot in CP patients has been called into question [14]. In addition, most surgeons
rely mainly on the change in the degree of ankle dorsiflexion (pre- vs. postintervention)
in defining successful surgery or improved clinical outcomes in CP patients with equinus
foot [15–19].

Based on the aforementioned observations, a standard clinical criterion needs to be
established to define the basis for managing equinus foot in CP patients surgically or
conservatively. Such clinical criteria would be of great importance in determining how
patients are selected for treatment based on their functional impairment, and this might
change the way we look at this condition entirely - from the real prevalence of equinus,
to the choice of the proper intervention to the reliable definition of a successful outcome.
Therefore, we conducted this current research, using a gait analysis, in an attempt to reach
a clinically relevant criterion to define CP patients with equinus foot who are eligible for
surgery from those who can be managed otherwise. We also aimed to investigate whether
this criterion would be applicable to different subtypes of patients (those unilaterally and
bilaterally affected).

2. Materials and Methods
2.1. Study Design and Eligibility Criteria

For this study, data from 173 patients diagnosed with CP were retrospectively re-
viewed. The data in this work were collected in our motion lab in the time period from 2002
to 2021. Only patients with gross motor function system (GMFCS) I-II were included [20].
Other inclusion criteria were fully available clinical examinations and an instrumented
3D gait analysis, including measurements of the kinetic and kinematic parameters. We
searched for patients with a limited range of motion (ROM) in the left leg measured in
the clinical examination. More specifically, we included patients with a 0◦, 5◦, 10◦ or 15◦

maximum clinical dorsiflexion in the affected ankle joint. It is common to use 5◦ steps in
stating a joint position, as smaller steps are usually not feasible to determine. The ROM
was measured in the knee extension. Therefore, we grouped the patients according to
their structural shortening of the calf muscles and did not take the additionally underlying
amount of spasticity into account. We excluded patients with a GMFCS level III-IV and
ankle dorsiflexion >15◦; patients with prior soft tissue surgeries (calf, ischios, psoas, etc.)
or botox within the past 6 months before gait analysis; patients that had botulinum toxin
injections within 6 months prior to gait analysis; and patients that underwent soft tissue
lengthening procedures of the lower limbs in general. We also excluded patients with a
maximum clinical dorsiflexion of less than 0◦, as this is unanimously seen as a functionally
impairing equinus foot, and we tried to establish a value of dorsiflexion that marks the
functional shift from good to impaired gait.
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2.2. Study Participants and Measurements

We divided the subjects in two groups depending on the characteristics of CP. One
group contained patients diagnosed with unilateral, and another group with bilateral, CP.
The instrumented 3D gait analysis (IGA) and the clinical examination were performed by a
specialized study nurse and a physiotherapist with years of neuro-orthopedic experience,
and angles were assessed by a single examiner using a standard goniometer and the neutral
zero method. Markers were applied on the skin according to a standard protocol (Plug in
Gait Model) [21]. Three markers were used on each foot to measure the ankle movements.
One of them was placed on the lateral malleolus, another one on the calcaneus and a third
one being the toe marker, which is attached to the second metatarsal bone. Gait patterns
were captured by 16 cameras from a Vicon System (Oxford Metrics, Oxford, UK). The data
were captured with a 120 Hz frequency. A Woltring filter was used. Additionally, three
force plates (Kistler Instruments, Winterthur, Switzerland) measured the kinetic parameters
of the patients. All participants were asked to walk a distance of 7 m several times at their
own walking speed. This examination was performed barefoot and without any walking
aids. All data captured in the gait analysis were visualized as different diagrams for every
joint in the sagittal, frontal and transverse plane.

2.3. Statistical Analysis

Study subjects were recruited from a patient cohort of the neuro-orthopedic depart-
ment of our University Hospital and our established CP patient register. Data were docu-
mented in Microsoft Excel. Additionally, we used MatlabR for a graphic representation
of the gait analysis data. Normal values were obtained from a group of 50 age-matched
healthy patients without any form of gait pathology. The baseline characteristics of partici-
pants were presented as numbers and percentages for categorical/dichotomous variables,
and as means and standard deviations (SDs) for continuous variables.

3. Results
3.1. Baseline Characteristics of Included Participants

Overall, a total of 155 limbs were analyzed: 71 in the unilateral and 84 in the bilateral
group. Meanwhile, 5 patients were excluded from the unilateral groups [GMFC score > 2
(n = 2), data gaps in clinical examinations (n = 2) and ankle dorsiflexion > 15◦ (n = 1)] and
13 patients were excluded from the bilateral group [GMFCS > 2 (n = 6), data gaps in clinical
examinations (n = 4) and dorsiflexion > 15◦ (n = 3)]. In the unilateral group, 54.9% of the
patients were male, 77.5% were GMFCS level I, mean age at the time of IGA was 16.97
(12.13) years, mean weight was 47.16 (21.6) kg and mean height was 151.03 (22.5) cm. Most
patients in the bilateral group were also males (56.0%), with GMFCS level II of 72.6% in this
group, a mean age of 16 (10.11) years, mean weight of 43.98 (17.12) kg and a mean height of
147.73 (20.64) cm.

3.2. Measured Outcomes in the Bilateral CP Group

The results are demonstrated in three different graphs for every group, divided into
ROM, ankle moment and ankle power. Each graph shows a different gait pattern according
to the clinically measured dorsiflexion. The norm data are visualized with a gray band in
all diagrams for better comparison.

In the bilateral group, 27 patients had a limited maximum dorsiflexion with 0◦ in the
clinical exam and 27 patients could reach 5◦ dorsiflexion. In 22 patients, 10◦ dorsiflexion
was measured and in 8 patients 15◦ (Figure 1). The graph shows different curves describing
the gait pattern during the gait cycle. The curve representing patients with 0◦ dorsiflexion
in the clinical examination did not reach a plantigrade position of the ankle joint in the gait
analysis either. These patients walked in plantarflexion without any heel contact during the
whole gait cycle. The gaits corresponding to the patients with 5◦ and 10◦ dorsiflexion were
similar. In comparison to the 0◦ patients, they could reach a dorsiflexion in the first 15–50%
of the gait cycle. Contemplating the plantarflexion in patients with 5◦, 10◦ and 15◦ after

33



Children 2022, 9, 956

toe-off (60%), the ROM was approximately comparable to a normal gait. Additionally, the
curve for the 15◦ patients followed a nearly normal course with a slight vaulting pattern in
the early stance phase.
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The generation of power was reduced in all patients in comparison to the norm data
(Figure 3). The power generated in the terminal stance to toe-off was lower than usual
in every curve, especially in the group consisting of patients with 0◦ dorsiflexion. In the
beginning of the gait cycle, all graphs show an increased absorption of power, followed by
increased power during midstance (10–30% of gait cycle) and a reduced power generation
before toe-off (40–60% of gait cycle).
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3.3. Measured Outcomes in the Unilateral Group

In the unilateral group, the subjects were separated into 35 patients with a 0◦ dorsi-
flexion at the clinical examination and 15 patients with 5◦. Ten subjects could reach a 10◦

dorsiflexion and 11 patients showed a 15◦ dorsiflexion. In patients with unilateral CP, the
ROM was quite similar to that in the bilaterally affected group (Figure 4). The limbs from
the 0◦ group barely attained dorsiflexion in the gait analysis; instead, the ankle remained
in plantarflexion during most of the gait cycle. The other curves (orange, blue and black)
stay in the area of the norm data until the swing phase, where all the legs showed an
increased plantarflexion.

Referring to the ankle moment, the plantarflexion moment in the loading response was
also higher in every curve, but in comparison to the bilaterally affected patients to a lower
extent (Figure 5). Additionally, the maximum of the plantarflexion moment during 40–60%
of the gait cycle was decreased in every group. The highest moment of plantarflexion
appeared in patients with 5◦ dorsiflexion at the clinical examination.

In patients with unilateral CP, the ankle power was also decreased in all groups during
the terminal stance phase to toe-off (Figure 6). Other than in the bilateral group, the
absorption-generation pattern of power in the early and midstance was less prominent.
Only the 0◦ patients showed slightly increased power generation in midstance.
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4. Discussion

Normally, during the stance phase (0–60% of the gait cycle), the greatest degree of
dorsiflexion is needed just before lifting the heel in a fully extended knee, in which case the
ankle has to be in a dorsiflexed, but perpendicular position for smooth ambulation [23,24].
Yet, there is still controversy related to the proper degree of dorsiflexion that is truly
required for this to happen. Consequently, it would seem reasonable to use a normal range
of values for defining the physiological gait, rather than to apply a definitive value. Based
on the literature, this accepted range of normal ankle dorsiflexion lies between 3◦ and 15◦

beyond the perpendicular plane when the knee is fully extended [23–25].
Equinus foot is described as decreased ankle joint dorsiflexion; although, there is a lack

of consensus on the exact definition and diagnostic criteria. While studies widely agree that
static ankle joint equinus represents a reduced range of dorsiflexion at the ankle joint, there
is no agreement concerning the degree of dorsiflexion reduction needed for this condition
to manifest. Of course, different amounts of spasticity can lead to functionally different
patterns. In the present work, we examined the differences in ROM, ankle moment and
ankle power in different groups of patients based on the degree of maximum clinical ankle
dorsiflexion. Here, among patients in the 0◦ dorsiflexion group, the subgroup of patients
with bilateral CP could not reach plantigrade, and the unilateral subgroup barely reached
plantigrade in midstance (40%). Thus, we hypothesize that this value would not be the best
cutoff value to define a functionally relevant equinus foot in children with CP.

Owing to this lack of consensus, physicians have used a wide variety of restrictions
on dorsiflexion for diagnosis [26]. Sobel et al. [27] proposed that patients have less than 0◦

of dorsiflexion in order to be diagnosed with equinus (i.e., no step beyond plantigrade),
while Orendurff et al. [28] recommended a cutoff value of 5◦. On the other hand, Di-
Giovanni et al. [29] proposed a minimum value of less than 10◦ of dorsiflexion, which is
consistent with the need for at least 10◦ of dorsiflexion to maintain a normal gait and avoid
possibly increased forefoot loading throughout locomotion [28,30]. The aforementioned
recommendations are consistent with Meyer’s more recent proposal that, instead of basing
an equinus diagnosis on a specific range of dorsiflexion motion, a diagnosis should be
verified when the reduction in dorsiflexion reaches a magnitude that increases stress on the
Achilles tendon and loading on the forefoot [31]. While it would be expected that forefoot
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pressure rises during locomotion in order to base an equinus diagnosis on a limit of 10◦ of
dorsiflexion, there is no evidence that this would contribute to the development of defects
in the foot or lower leg.

Our results indicate that ankle ROM in children with CP in the unilateral subgroup
with 5◦, 10◦ and 15◦ dorsiflexion was functionally quite similar to that in healthy controls
from the beginning of the gait cycle and up to the mid-swing phase (0–75%), typically with
more plantarflexion during the end of the cycle as compared to controls. On the other hand,
ROM in the bilateral subgroup with 15◦ dorsiflexion was also similar to that in controls;
however, both the 5◦ and 10◦ dorsiflexion groups showed reduced dorsiflexion compared
to controls during the period from midstance to toe-off (40–60%).

Notably, the ankle joint moment was quite similar in both the uni- and bilateral CP
subgroups during the gait cycle; however, the extent of plantarflexion in the bilateral
group was higher. In all dorsiflexion groups (0◦, 5◦, 10◦ and 15◦), the ankle moment
throughout the gait cycle was quite comparable. When compared to healthy controls, all
of the dorsiflexion groups revealed a higher plantarflexion moment during the loading
response that lowered during midstance and never reached a physiological peak in terminal
stance. This was consistent in both uni- and bilateral CP groups. This clearly shows that
during gait, function as seen in kinetics is often worse than clinical examination and
kinematics would suggest. This might be due to differences in the amount of spasticity of
the calf muscles and weakness of the foot levers.

So far, equinus deformity itself has not been considered separately for uni- or bilateral
involvement in most of the studies published; although, studies often present one group or
the other. In our experience, the two groups present differently, with the amount of foot
lever weakness being greater in unilaterally affected patients. Recent studies suggest that
a functionally separate approach is beneficial, which is also in line with our experience
and this assessment [32]. In terms of ankle power, both groups (uni- and bilateral) in our
study had reduced power when compared to healthy controls. Similarly, the gait analysis
of both groups revealed that reduced ankle power was evident in the period from terminal
stance to toe-off (40–60%) as compared to controls. However, both groups had increased
power during the loading phase in early stance as compared to healthy controls. The only
difference between the two groups was found in the midstance (10–30%): the bilateral
group revealed higher power than controls; while in the unilateral group, power was
similar to that of the healthy or typically developing (TD) controls.

In addition, although a cutoff point of 10◦ may increase forefoot loading during
locomotion, Orendurff et al. [28] proposed that a dorsiflexion ≤5◦ should be used for the
diagnosis of equinus foot as they found that forefoot pressure was higher in patients with
≤5◦ dorsiflexion than in patients with more than 5◦ dorsiflexion (p < 0.05). This is consistent
with our findings, as we noted that the lowest extent of dorsiflexion was observed in the
≤5◦ dorsiflexion group as compared to all other groups (0◦, 10◦, 15◦ and healthy controls),
especially at the loading and midstance phases of the gait cycle where the ankle is at a
perpendicular plane and the knee is normally fully extended. In the same context, ankle
moment and power in the ≤5◦ dorsiflexion group were similar to that in other dorsiflexion
groups (0◦, 10◦ and 15◦) during the whole gait cycle.

Therefore, we recommend taking ≤5◦ dorsiflexion value as a cutoff point for defining
equinus foot deformity at the early phases of gait (loading and midstance) when the knee is
normally fully extended and the ankle is in a perpendicular position, especially in bilaterally
affected CP patients.

Our study provides a clinically relevant criterion for distinguishing CP patients with
impaired function due to equinus from those in whom function is not impaired. This
criterion is applicable and easy to use in a clinical setting to identify patients who are in
need of treatment and those who possibly are not. That being said, this is a simplistic
approach to define a functional relevant equinus, and sagittal gait patterns should always
be considered before treatment suggestions are made. Surgeons have to be careful not to
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contribute to, e.g., crouch gait and impairment of global gait function by trying to improve
ankle kinematics solely based on the presence of functionally relevant equinus foot.

The main aim of this study was to estimate a clinically relevant criterion to define
CP patients with equinus foot, by reaching a cutoff point of dorsiflexion that can help
discriminate CP patients with functional impairment who might be in need of surgical
management. In the case of instability in the talonavicular joint, the joint was held during
the clinical examination, and then the extent of movement was examined. Since it is not
possible to avoid the occurrence of a midfoot break during a gait analysis, this should be
considered a clear limitation. However, the purpose of this study was to find a clinical
definition for equinus foot with the help of a gait analysis. Our patients were first clinically
examined, which ensured that no midfoot break was present. It would also be worth
discussing the integration of a foot model in future studies in order to investigate this
question more closely.

Our study has several limitations. The most important limitation is the small number
of participants within each subgroup (0◦, 5◦, 10◦ and 15◦) included in our analysis, which
further limits the implications drawn from our study and renders it difficult to apply our
findings more generally. Additionally, the retrospective nature of our study limits the
interpretation of our results. Moreover, we describe the differences observed between
the groups studied clinically; thus, more work is required to determine whether these
minimal clinical differences also reach statistical significance. Therefore, and based on the
aforementioned limitations, future research in this area is still warranted by larger studies
with more diverse populations and consideration of sagittal gait patterns to be able to
determine whether such definition criteria are applicable for all CP patients, regardless of
their clinical and demographic characteristics.

5. Conclusions

In conclusion, a cutoff value ≤5◦ maximum clinical dorsiflexion should be used to
distinguish between patients who might need treatment from those who do not among
CP patients with equinus foot. However, the applicability of this criterion among patients
who are unilaterally and bilaterally affected is slightly different; therefore, we recommend
considering the laterality of CP when diagnosing patients with equinus foot and when
choosing the appropriate management approach for these individuals. This simplistic
approach should not leave the sagittal gait pattern unconsidered, as this might lead to
impairment of the global gait function.
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Abstract: Background: Recurrence in cerebral palsy (CP) patients who have undergone operative or
non-operative correction varies greatly from one study to another. Therefore, we conducted this meta-
analysis to determine the pooled rate of equinus recurrence following its correction either surgically
or non-surgically. Methods: Nine electronic databases were searched from inception to 6 May 2021,
and the search was updated on 13 August 2021. We included all studies that reported the recurrence
rate of equinus following its correction among CP patients. The primary outcome was recurrence,
where data were reported as a pooled event (PE) rate and its corresponding 95% confidence interval
(CI). We used the Cochrane’s risk of bias (RoB-II) tool and ROBINS-I tool to assess the quality of
included randomized and non-randomized trials, respectively. We conducted subgroup analyses
to identify the sources of heterogeneity. Results: The overall rate of recurrence was 0.15 (95% CI:
0.05–0.18; I2 = 88%; p < 0.01). Subgroup analyses indicated that the laterality of CP, study design,
and intervention type were significant contributors to heterogeneity. The recurrence rate of equinus
differed among interventions; it was highest in the multilevel surgery group (PE = 0.27; 95% CI:
0.19–0.38) and lowest in the Ilizarov procedure group (PE = 0.10; 95% CI: 0.04–0.24). Twelve studies
had a low risk of bias, eight had a moderate risk, and nine had a serious risk of bias. Conclusion:
The recurrence of equinus following its correction, either surgically or non-surgically, in CP patients
is notably high. However, due to the poor quality of available evidence, our findings should be
interpreted with caution. Future studies are still warranted to determine the actual risk of equinus
recurrence in CP.

Keywords: recurrence; equinus; surgery; meta-analysis

1. Introduction

Cerebral palsy (CP) is the result of a non-progressive brain injury which occurs during
the early stages of development [1]. Equinus deformity is one of the most frequent gait
abnormalities that is seen in patients with CP. It is characterized by excessive ankle plan-
tarflexion, especially during the stance phase [2]. Equinus deformity occurs mainly due
to the contracture of the gastrocsoleus muscle; however, it can occur due to abnormalities
in other muscles of the ankle joint, including the tibialis anterior and peroneus longus
muscles [3–5]. There are two major types of equinus: dynamic and fixed equinus. Although
dynamic equinus is mainly treated through nonoperative options, such as physiotherapy,
Botulinum toxin A injection, serial casting, or ankle foot orthoses, fixed equinus is treated
surgically by the lengthening of the gastrocsoleus muscle-tendon unit through a wide vari-
ety of approaches [6]. These approaches include single-event multilevel surgery (SEMLS),
Tendo-Achilles Lengthening (TAL), and the Ilizarov procedure.
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Recurrence following equinus correction is reported in numerous studies with rates
differing widely from one study to another (ranging from 4.7 to 28.2%). There is a wide
discrepancy in the reported rates of recurrence, with no consistency in the rates reported
in individual studies. In the same context, according to a recent systematic review, the
recurrence rate of equinus deformity following TAL surgery was reported to range from 0
to 43% [7], with similar rates among unilateral and bilateral spastic CP patients who had
undergone gastrocsoleus lengthening (0–38% and 0–35%, respectively) [8]. It is noteworthy
that the rate of recurrence differs substantially among studies, and this warrants further
investigation to determine the actual rate of recurrence of equinus following its correction.
We hypothesize that the recurrence rate of equinus following its correction will be notably
high, both in surgically and non-surgically treated CP patients.

Thus, we carried out this research to estimate the rate of equinus recurrence following
its correction, either surgically or non-surgically, among CP patients. We also aimed to iden-
tify the current gaps in the literature regarding equinus recurrence following its correction.

2. Materials and Methods
2.1. Search Strategy and Study Selection

This study was carried out in accordance with the PRISMA guidelines for systematic
reviews and meta-analyses, where registering a protocol is not considered mandatory [9].
We performed a database search through several databases: PubMed, Scopus, ScienceDirect,
Clinicaltrials.gov (20 January 2022), CENTRAL, Virtual Health Library (VHL), Global
Health Library (GHL), NYAM, and SIGLE. The search was originally carried out on 6 May
2021, and it was later updated on 13 August 2021, yielding no more relevant papers.

The following keywords were used when performing the search: (recurrence) AND
(equinus) AND (“cerebral palsy”). Medical subject headings (MeSH) were also used to
include a wider pool of studies. In an attempt to ensure that all relevant studies were
included, we carried out a manual search of references through several approaches: search-
ing for similar articles on PubMed, going through the reference list of included studies,
and searching Google manually [10,11] (Supplementary File). The search process was con-
ducted in accordance with the PICO framework: participants were patients with equinus
who underwent operative or non-operative correction, the intervention was any type of
management approach used for the correction of equinus, the comparison was any type
of surgery or other treatment approaches (i.e., casting, injection), and recurrence was the
outcome of interest.

We included all original studies that reported the recurrence of equinus following its
correction (surgically or non-surgically), whether there was a comparison group or not.
We excluded papers if they had one of the following criteria: (1) non-original research,
(2) in vitro and animal research, (3) duplicates, (4) studies with overlapping datasets, (5) un-
extractable data due to selective reporting or unclear data, (6) studies with unavailable full
texts, and (7) secondary research (i.e., reviews, editorials, commentaries, correspondence,
etc.). Four authors carried out the title/abstract screening phase. Then, the full text of
relevant articles was retrieved, and three authors screened the retrieved manuscripts. Any
disagreements between authors were solved through thorough discussion, and if a solution
was not reached a senior author was consulted. The PRISMA flow diagram of the study
process is illustrated in Figure 1.

2.2. Data Extraction

A data extraction sheet was made using the Excel software. First, a pilot extraction
was conducted to include all of the necessary components in the extraction sheet. In
summary, the sheet included three parts, where each part was focused on a certain aspect
of the included studies. The first part contained the baseline characteristics of included
studies, such as the title of the study, authors’ names, year of publication, journal, etc.
The second part contained the demographic characteristics of patients included in the
individual studies, such as sample size, age and gender, study design, type of equinus or
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CP, type of intervention performed, etc. The third part focused on the outcome (i.e., rates of
recurrence following correction). Two authors conducted the data extraction process, while
a third author checked all of the extracted data to ensure their accuracy. Any disagreements
between authors were solved by discussions and consensus.
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2.3. Risk of Bias

We checked the methodological quality of the included studies through the use of
Cochrane’s revised risk of bias tool [12] and the risk of bias in non-randomized studies of
intervention (ROB 2) tool [13] for randomized and non-randomized trials, respectively. This
process was carried out by three authors, and any discrepancy was solved by discussion
amongst them.

2.4. Statistical Analysis

Overall pooled proportions were estimated using a generalized linear mixed model
and a logit transformation to pool the recurrence rate [14]. The overall recurrence of equinus
was reported in the form of the pooled estimate (PE) and its corresponding 95% confidence
interval (CI). Meta-analyses were conducted using the random-effects model, where the
DerSimonian–Laird estimator was used to report the between-trial heterogeneity [15]. In
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this study, between-trial heterogeneity is reported by using the estimated variance τ2

and the I2, and the meta-analysis results are visualized through forest plots. We further
conducted several subgroup analyses based on a set of variables: laterality of CP, study
design, definition of equinus, and type of intervention to correct equinus. Analyses were
performed using R [16] version 4.0.3 and its extension, meta [17].

3. Results
3.1. Search Results

The initial database search yielded 508 articles, of which 410 were included in the
title/abstract screening phase following the exclusion of duplicated articles through the
EndNote software. Fifty-seven articles were eligible for full-text screening, of which twenty-
eight articles were excluded for the following reasons: reviews (N = 21), unavailable full
texts (N = 3), and abstract-only papers (N = 4). Ultimately, a total of 29 articles were
included in our review and analysis.

3.2. Study Characteristics

The baseline characteristics of included studies are presented in Table 1.

46



C
hi

ld
re

n
20

22
,9

,3
39

Ta
bl

e
1.

Ba
se

lin
e

ch
ar

ac
te

ri
st

ic
s

of
st

ud
ie

s
in

cl
ud

ed
in

th
e

sy
st

em
at

ic
re

vi
ew

(N
=

29
).

A
ut

ho
r/

Y
O

P
D

es
ig

n
Si

ze
La

te
ra

li
ty

C
P

Ty
pe

Eq
ui

nu
s

Ty
pe

In
te

rv
en

ti
on

C
on

tr
ol

A
ge

:M
ea

n
(S

D
)

M
al

e/
Fe

m
al

e
Fo

ll
ow

up
(M

on
th

s)

Bi
ed

er
m

an
n/

20
07

[1
8]

C
as

e
se

ri
es

10
Bo

th
Sp

as
ti

c
Fi

xe
d

Il
iz

ar
ov

ex
te

rn
al

fix
at

io
n

N
on

e
12

.3
8/

2
50

Bo
ir

ea
u/

20
02

[1
9]

C
as

e
se

ri
es

25
Bo

th
N

R
N

R
Pe

rc
ut

an
eo

us
le

ng
th

en
in

g
of

th
e

A
ch

ill
es

te
nd

on
N

on
e

N
R

N
R

N
R

Sa
la

/1
99

7
[2

0]
C

as
e

se
ri

es
27

Bo
th

N
R

N
R

TA
L

N
on

e
N

R
15

/1
2

66

El
-S

ob
ky

/2
01

1
[2

1]
C

as
e

se
ri

es
21

Bo
th

Sp
as

ti
c

St
at

ic
O

pe
n

di
st

al
ga

st
ro

cn
em

iu
s

re
ce

ss
io

n
N

on
e

5–
14

*
13

/8
26

Th
ro

op
/1

97
5

[2
2]

C
as

e
se

ri
es

48
N

R
N

R
N

R
M

ur
ph

y
pr

oc
ed

ur
e

N
on

e
N

R
N

R
36

U
yt

te
nd

ae
le

/1
98

9
[2

3]
C

as
e

se
ri

es
9

N
R

N
R

N
R

C
om

bi
ne

d
A

ch
ill

es
an

d
ti

bi
al

is
po

st
er

io
r

le
ng

th
en

in
g

N
on

e
N

R
N

R
N

R

D
re

he
r/

20
12

[2
4]

C
oh

or
t

44
Bi

la
te

ra
l

Sp
as

ti
c

N
R

M
ul

ti
-l

ev
el

su
rg

er
y

N
on

e
9.

8
(3

.4
)

N
R

10
8

M
at

su
o/

19
94

[2
5]

C
oh

or
ts

tu
dy

92
Bo

th
sp

as
tic

/a
th

et
oi

d
Su

rg
er

y
N

on
e

3–
19

*
N

R
50

A
hm

ad
/2

01
8

[2
6]

Pr
os

pe
ct

iv
e

co
ho

rt
30

Bo
th

N
R

Fi
xe

d
Il

iz
ar

ov
ex

te
rn

al
fix

at
io

n
N

on
e

3–
18

*
21

/9
18

A
l-

A
zz

aw
i/

20
16

[2
7]

Pr
os

pe
ct

iv
e

co
ho

rt
22

Bo
th

N
R

N
R

Pe
rc

ut
an

eo
us

TA
L

O
pe

n
TA

L
4–

10
*

14
/8

12

K
ay

/2
00

4
[2

8]
R

C
T

23
N

R
Sp

as
ti

c
N

R
Bo

to
x

pl
us

ca
st

in
g

se
ri

al
ca

st
in

g
al

on
e

4.
3–

13
.8

*
12

/1
1

6

G
ab

or
/2

02
0

[2
9]

R
et

ro
sp

ec
ti

ve
C

oh
or

t
34

7
Bo

th
N

R
N

R
Pe

rc
ut

an
eo

us
(2

61
ca

se
s)

an
d

op
en

TA
L

(8
6

ca
se

s)
N

on
e

2.
8–

15
.1

*
N

R
N

R

Le
e/

19
80

[3
0]

R
et

ro
sp

ec
ti

ve
C

oh
or

t
11

6
Bo

th
Sp

as
ti

c
N

R

Ba
ke

r’
s

m
et

ho
d

(t
on

gu
e-

in
-g

ro
ov

e
in

ci
si

on
in

th
e

ga
st

ro
cn

em
iu

s
ap

on
eu

ro
si

s)

H
ok

e’
s

m
et

ho
d

(t
en

do
-c

al
ca

ne
us

le
ng

th
en

in
g)

N
R

N
R

16
8

Fi
rt

h/
20

13
[3

1]
R

et
ro

sp
ec

ti
ve

co
ho

rt
40

Bi
la

te
ra

l
sp

as
ti

c
Fi

xe
d

G
as

tr
oc

ne
m

iu
s

le
ng

th
en

in
g

N
on

e
10

25
/1

5
90

K
lä

us
le

r/
20

17
[3

2]
R

et
ro

sp
ec

ti
ve

co
ho

rt
23

Bo
th

sp
as

ti
c

Fi
xe

d
Ti

bi
al

is
A

nt
er

io
r

Te
nd

on
Sh

or
te

ni
ng

pl
us

TA
L

N
on

e
14

.9
13

/8
70

Jo
o/

20
11

[3
3]

R
et

ro
sp

ec
ti

ve
C

oh
or

t
18

6
Bo

th
N

R
Fi

xe
d

Su
rg

er
y

N
on

e
6.

8
11

8/
68

13
5.

5

R
at

te
y/

19
93

[3
4]

R
et

ro
sp

ec
ti

ve
C

oh
or

t
57

Bo
th

N
R

N
R

TA
L

by
op

en
Z

-p
la

st
y

N
on

e
N

R
N

R
12

0

St
re

ck
er

/1
99

0
[3

5]
R

et
ro

sp
ec

ti
ve

C
oh

or
t

10
0

N
R

Sp
as

ti
c

N
R

A
nt

er
io

r
tr

an
sp

os
iti

on
of

th
e

A
ch

ill
es

te
nd

on
N

on
e

N
R

N
R

30

47



C
hi

ld
re

n
20

22
,9

,3
39

Ta
bl

e
1.

C
on

t.

A
ut

ho
r/

Y
O

P
D

es
ig

n
Si

ze
La

te
ra

li
ty

C
P

Ty
pe

Eq
ui

nu
s

Ty
pe

In
te

rv
en

ti
on

C
on

tr
ol

A
ge

:M
ea

n
(S

D
)

M
al

e/
Fe

m
al

e
Fo

ll
ow

up
(M

on
th

s)

Po
ul

/2
00

3
[3

6]
R

et
ro

sp
ec

ti
ve

C
oh

or
t

61
Bo

th
N

R
N

R
Pe

rc
ut

an
eo

us
ap

on
eu

re
ct

om
y

of
th

e
ga

st
ro

cn
em

iu
s

N
on

e
N

R
N

R
36

C
hu

ng
/2

01
5

[3
7]

R
et

ro
sp

ec
ti

ve
C

oh
or

t
24

3
Bo

th
N

R
N

R
TA

L
N

on
e

7.
8

(2
.7

)
15

9/
84

97

V
ip

ul
ak

om
/2

01
2

[3
8]

R
et

ro
sp

ec
ti

ve
C

oh
or

t
95

N
R

N
R

N
R

TA
L

V
ul

pi
us

pr
oc

ed
ur

e
2–

19
.9

*
N

R
N

R

Bo
rt

on
/2

00
0

[3
9]

R
et

ro
sp

ec
ti

ve
co

ho
rt

19
5

Bo
th

N
R

N
R

Pe
rc

ut
an

eo
us

TA
L

O
pe

n
TA

L
an

d
Ba

ke
r’

s
m

et
ho

d
2–

18
*

11
3/

82
N

R

G
ra

nt
/2

01
5

[4
0]

R
et

ro
sp

ec
ti

ve
C

oh
or

t
27

Bo
th

N
R

N
R

TA
L

N
on

e
2–

9
*

N
R

12
0

G
ay

ta
n-

Fe
rn

an
de

z/
20

20
[4

1]
R

et
ro

sp
ec

ti
ve

C
oh

or
t

55
Bo

th
M

ix
ed

N
R

Pe
rc

ut
an

eo
us

TA
L

O
pe

n
TA

L
1–

16
*

45
/1

9
72

Ja
vo

rs
/1

98
7

[4
2]

R
et

ro
sp

ec
ti

ve
C

oh
or

t
47

Bo
th

N
R

N
R

V
ul

pi
us

pr
oc

ed
ur

e
N

on
e

2–
14

*
N

R
68

.4

H
ir

os
hi

m
a/

19
88

[4
3]

R
et

ro
sp

ec
ti

ve
C

oh
or

t
21

Bo
th

Sp
as

ti
c

N
R

Su
rg

er
y

(A
nt

er
io

r
tr

an
sf

er
of

lo
ng

to
e

fle
xo

rs
)

N
on

e
N

R
N

R
N

R

K
at

z/
20

00
[4

4]
R

et
ro

sp
ec

ti
ve

C
oh

or
t

36
Bo

th
Sp

as
ti

c
N

R

Be
lo

w
-k

ne
e

ca
st

pl
us

ea
rl

y
w

ei
gh

tb
ea

ri
ng

w
it

ho
ut

sp
lin

t
or

or
th

os
is

N
on

e
4–

6
*

N
R

75

K
ru

pi
ns

ki
et

al
./

20
15

[4
5]

R
et

ro
sp

ec
ti

ve
C

oh
or

t
53

Bo
th

Sp
as

ti
c

N
R

Su
bc

ut
an

eo
us

TA
L

N
on

e
7

N
R

12
1

Sv
eh

lik
/2

01
2

[4
6]

R
et

ro
sp

ec
ti

ve
C

oh
or

t
18

Bo
th

N
R

N
R

Ba
um

an
n’

s
m

et
ho

d
(f

ra
ct

io
na

ll
en

gt
he

ni
ng

of
th

e
ga

st
ro

cn
em

ii
an

d
so

le
us

m
us

cl
es

)

N
on

e
N

R
N

R
12

0

*
da

ta
pr

ov
id

ed
in

th
es

e
st

ud
ie

s
re

fe
r

to
th

e
ra

ng
e

of
ag

e
of

pa
rt

ic
ip

an
ts

in
cl

ud
ed

;T
A

L:
Te

nd
o-

A
ch

ill
es

Le
ng

th
en

in
g;

N
R

:N
ot

R
ep

or
te

d;
SD

:S
ta

nd
ar

d
D

ev
ia

tio
n;

C
P:

C
er

eb
ra

lP
al

sy
;Y

O
P:

Ye
ar

of
Pu

bl
ic

at
io

n.

48



Children 2022, 9, 339

In terms of study design, 18 articles were retrospective cohort
studies [6,8,12,13,16–20,22,23,25,26,32,33,40,41,46], 6 were case series [18–23], 2 were cohort
studies (unidentifiable as prospective or retrospective) [24,25], 2 were prospective cohort
studies [26,27], and 1 was a randomized controlled trial [28]. The overall sample size
was 2071 patients, ranging from 9 cases [23] to 347 cases [29]. Gender was reported in
12 studies, and males were predominant in all studies. The follow-up of patients varied
among included studies, ranging from 6 months [28] to 168 months [30].

Individual studies reported different interventional approaches for the correction
of equinus deformity, including Tendo-Achilles lengthening (TAL, both percutaneous
and open), multilevel surgery, tibialis anterior tendon shortening, the Vulpius procedure,
the aponeurectomy of gastrocnemius muscle, gastrocnemius recession, Ilizarov external
fixation, Botox injections, casting, Baumann’s method, and Baker’s method. However, only
six studies had a control or a comparison group [27,28,30,38,39,41].

The laterality of cerebral palsy was reported in 24 studies: bilateral in two
studies [24,31] and both unilateral and bilateral in twenty-two
studies [1,2,4–6,8,13,16–20,22,23,25,26,30,32,33,35,41,42]. The type of cerebral palsy was
reported in thirteen studies, where one study reported a mixed CP type [41]. Twelve stud-
ies reported spastic CP [18,21,24,25,28,30–32,35,43–45], and one study reported athetoid
CP [25]. The type of equinus was reported six studies, where one study reported static
equinus [21] and five studies reported fixed equinus [18,26,31–33].

3.3. Risk of Bias

Based on the quality assessment of the single included RCT (based on five domains),
the study was deemed to have a low risk of bias [28]. Based on the assessment of non-
randomized studies of intervention (based on seven domains), eleven studies had a low risk of
bias [18,21–23,25–27,35,36,38,42], eight studies had a moderate risk of
bias [19,29,30,33,34,39,43,46], and nine studies had serious risk of bias [8,11–13,16,20,23,25,35].
The most common domain that had a serious risk of bias was confounding.

3.4. Overall Recurrence of Equinus

A total of 29 studies were included in the meta-analysis, and the overall rate of the
recurrence of equinus following interventional correction of any type was 0.15 (95% CI:
0.10–0.20) (Figure 2). However, there was significant heterogeneity (I2 = 88%; p < 0.01).
Six studies included a comparator group (Vulpius procedure, open TAL, serial cast-
ing, and Hoke’s method), and, upon comparison of the intervention and comparator
groups no significant difference in the rate of recurrence was noted (OR = 0.85; 95% CI:
0.36–2.06). Additionally, significant heterogeneity was encountered (I2 = 73%; p < 0.01)
(Supplementary Figure S1). Due to the absence of a standard control group, no further
discussion about the comparative risk/odds of equinus recurrence will be attempted.

3.5. Subgroup Analysis

In an attempt to determine the causes of heterogeneity in our analysis, various sub-
group analyses were conducted based on laterality, study design, equinus definition, and
intervention type.

3.6. Recurrence and Laterality

Laterality was a significant contributor to heterogeneity, where studies that reported
both unilateral and bilateral disease were significantly heterogenous (I2 = 85%; p < 0.01),
while studies reporting bilateral disease resulted in no heterogeneity (I2 = 0%; p = 0.22).
That being said, the recurrence rate was different in studies reporting both laterality and
bilaterality (pooled estimated (PE) = 0.16; 95% CI: 0.12–0.22) to those reporting bilateral
disease alone (PE = 0.28; 95% CI: 0.21–0.36) (Figure 3).
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3.7. Recurrence and Study Design

Study design was also a contributor to heterogeneity where case series did not result
in significant heterogeneity (I2 = 38%; p = 0.38). In addition, the recurrence rate of equinus
did not differ much between the different groups, where case series and retrospective
cohort studies had an overall rate of 0.10 (95% CI: 0.05–0.18) and 0.17 (95% CI: 0.11–0.26)
(Figure 4).

3.8. Recurrence and Equinus Definition

Equinus was defined in six studies [18,21,26,31–33], and even though the rate of
recurrence was not different among studies that reported a definition of equinus (PE = 0.18;
95% CI: 0.09–0.34) and those that did not (PE = 0.14; 95% CI: 0.09–0.20), the heterogeneity
remained significant (I2 = 82%; p <0.01, I2 = 87%; p < 0.01, respectively) (Figure 5).

3.9. Recurrence and Intervention Type

Different interventions were reported in included studies, such as the Ilizarov procedure
(N = 2 studies) [18,26], Tendo-Achilles Lengthening
(N = 12 studies) [19,20,23,27,29,32,34,37,39–41,45], multilevel surgery
(N = 4 studies) [24,25,33,38], and casting (N = 2 studies) [28,44].

The subgroup analysis based on the type of intervention (surgery) yielded no resultant
heterogeneity in the Ilizarov method and casting subgroups (I2 = 0%; p = 0.24 and I2 = 0%;
p = 0.44, respectively). That being said, the rate of the recurrence of equinus differed in
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different subgroups, where it was 0.10 (95% CI: 0.04–0.24), 0.17 (95% CI: 0.11–0.25), 0.27
(95% CI: 0.19–0.38), and 0.17 (95% CI: 0.09–0.31) in the Ilizarov, TAL, multilevel surgery,
and casting subgroups, respectively (Figure 6).
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4. Discussion

This is the first systematic review and meta-analysis to examine the rate of equinus
recurrence following its correction by different types of surgeries. This study is considered a
hypothesis-generating review aimed at identifying the gaps in the current evidence in order
to better determine the actual risk of the recurrence of equinus following its management.
Four different interventional approaches are reported in this review: the Ilizarov procedure,
Tendo-Achilles Lengthening (TAL), multilevel surgery, and casting. Multilevel surgery was
defined as undergoing more than one procedure at the same time. For example, in the
study of Matsuo et al. [25] patients underwent the following procedures: gastrocnemius
aponeurotic lengthening, intramuscular lengthening of the peroneus longus and tabialis
posterior, and sliding lengthening of the flexor hallucis longus and flexor digitorum longus.

Overall, the pooled recurrence rate in our meta-analysis was 15%, which differed
substantially based on laterality, study design, equinus definition (yes/no), and the type of
intervention. For instance, the pooled rate of recurrence of equinus was higher in bilateral
disease (28%) compared to both unilateral and bilateral disease (16%). Case series had
lower rates of recurrence compared to retrospective cohort design (10% vs. 17%). The
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difference between studies that reported a clear definition of equinus and those that did
not, in terms of recurrence rates, was minimal (18% vs. 14%, respectively). It is of note
that casting and TAL had the same recurrence rate of 17%, while the Ilizarov procedure
resulted in a lower rate (10%) and multilevel surgery was associated with the highest rate
of recurrence (27%).

That being said, we encountered significant substantial heterogeneity in our analyses.
Therefore, we conducted several subgroup analyses to determine the causes of the resul-
tant heterogeneity. We carried out a subgroup analysis based on laterality, study design,
equinus definition (defined/not), and intervention type. It is worth noting that laterality,
study design, and intervention types were significant contributors to heterogeneity where
bilateral disease, case series, the Ilizarov method, and casting procedures had no significant
heterogeneity (I2 < 40%).

It is noteworthy that the follow-up duration of equinus patients varied remarkedly
between individual studies, ranging from 6 months to as long as 168 months after the
interventional correction of equinus. Moreover, based on the qualitative assessment of
retrieved data from individual studies, we noted a tendency towards higher recurrence
rates in studies with longer follow-up durations. This further complicates the issue of the
actual recurrence rate after equinus correction in CP patients. Therefore, we recommend
future studies report the recurrence rate in both the short and long term.

Our findings are quite different from what has been reported in the literature. In 2011,
Shore et al. [7] conducted a systematic review aimed at determining the different operative
options for the correction of equinus in patients with cerebral palsy. A total of 23 studies
reported the use of TAL for the correction of equinus deformity, of which 14 studies reported
the recurrence rate of equinus after surgery, which ranged from 0% to 43%. Similarly, in
the recently published systematic review of Ma et al. [8], the authors investigated the
recurrence rates of equinus in patients with cerebral palsy who underwent gastrocsoleus
lengthening. The authors reported recurrence rates of 0–38% and 0–35% among patients
with unilateral spastic and bilateral spastic cerebral palsy, respectively. In our study, the
recurrence rate of TAL was 17%. This difference could be related to numerous factors.
For instance, studies that had longer follow-up times reported much higher recurrence
rates [33,45]. Other factors include age at the index date (time of undergoing surgery), the
typographical distribution of CP, and the use of postoperative casting [47].

5. Limitations

Our study is the first to examine the rate of equinus recurrence in different interven-
tions for the correction of equinus in patients with cerebral palsy. We highlight that many
factors could play a role in the rate/risk of equinus recurrence following its correction,
including clinicodemographic characteristics, such as laterality and the type of intervention
used. However, our review encountered several limitations. First, there is a clear lack of
randomized controlled trials that investigate the recurrence rate of equinus following either
intervention (surgical or non-surgical), and this may be, in part, due to the long follow up
period that is required to diagnose recurrence. That being said, available cohort studies
are of poor quality, with 17 studies having a moderate to serious risk of bias. Notably,
the investigation of potential confounders is lacking in most studies. Therefore, future
work should take into consideration the potential confounding variables that might affect
the recurrence rate. Second, there is no standardized definition or diagnostic criteria for
equinus recurrence, which could potentially contribute to the wide variability in recurrence
rates among studies. Therefore, scholars are advised to clearly state the criteria they used
for defining recurrence. Third, due to the absence of a standardized control group, we
could not analyze the comparative risk of developing recurrence among different treatment
groups. This needs to be addressed in future randomized controlled trials. Fourth, the re-
sultant heterogeneity in our analysis limits the validity and generalizability of our findings;
therefore, more work is needed to investigate the potential patient- or intervention-related
sources of heterogeneity. Finally, due to the lack of relevant data, we could not analyze
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the predictors of the recurrence of equinus. Notably, only four studies in our review classi-
fied patients with CP according to their GMFCS levels [21,24,29,45], despite the value of
GMFCS being the best approach in deciding for the correction of equinus in CP patients.
We hypothesize that outcomes, particularly recurrence, could vary considerably across
different GMFCS levels; therefore, future studies are warranted to investigate this matter.

6. Conclusions

The rate of recurrence of equinus following surgery in CP patients is notably high.
However, due to the poor quality of available evidence and the presence of multiple
limitations, our findings should be interpreted with caution. Our review can be used for
hypothesis generation, and more studies are still needed to determine the actual rate of
equinus recurrence in CP.
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//www.mdpi.com/article/10.3390/children9030339/s1. Figure S1. Forest plot of the risk of equinus
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Abstract: Distal forearm fractures are common in children and are usually treated nonoperatively.
No consensus has been reached on how to perform clinical and radiographic follow-up of these
fractures. Our aim was to study whether radiographic and clinical follow-up is justified. We included
100 consecutive patients with non-operatively treated distal forearm fractures who were treated at
Oulu University Hospital in 2010–2011. The natural history of the fractures during the nonoperative
treatment was analyzed by measuring the potential worsening of the alignment during the follow-up
period. The limits of acceptable fracture position were set according to the current literature using
“strict” or “wide” criteria for alignment. We determined the rate of worsening fracture position (i.e.,
patients who reached the threshold of unacceptable alignment). In relation to splinting, we evaluated
how many patients benefited from clinical follow-up. Most of the fractures (98%) preserved acceptable
alignment during the entire follow-up period when wide criteria were used. The application of stricter
criteria for alignment in radiographs showed loss of reduction in 19% of the fractures. Worsening
of the alignment was recognized at a mean of 13 days (range 5–29) after the injury. One in three
(32%) patients needed some intervention due to splint loosening or failure. Radiographic follow-up
of nonoperatively treated distal forearm fractures remains questionable. Instead, clinical follow-up is
important, as 32% of patients needed their splints fixed.

Keywords: distal forearm fractures; pediatric; non-operative treatment; radiographic follow-up

1. Introduction

Distal radius fractures are the most common fractures in children, accounting for
20–30% of all pediatric fractures [1–6]. The highest incidence rates are observed in older
school-age boys (10–16 years) [3,4,7,8] due to a pubertal growth spurt, when the skele-
ton is weaker, and increased physical activity [7]. Fractures of the distal radial physis
and metaphysis show a great capacity for spontaneous correction of injury-related defor-
mity [9–12]; however, the remodeling capacity depends on the location of the fracture and
the child’s age. Fractures near the physis in young children have the greatest potential
to remodel. Most pediatric distal forearm fractures can be treated nonoperatively [13] by
casting or splinting [14] with or without a closed reduction. Loss of alignment of distal
radius fractures after nonoperative treatment is common, with a rate reported between
7% and 91% [13,15–18]. Fracture-related and treatment-related risk factors for secondary
displacement are presented in Table 1.
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Table 1. Risk factors for secondary displacement of nonoperatively treated distal forearm fractures in
children.

Fracture-related Complete/high-grade initial displacement 1

Both-bone fracture 2

Obliquity of the fracture line 3

Initial angulation and shortening 4

Treatment-related Quality of reduction 5

Three-Point Index 6

Cast Index 7

Padding Index 7

Canterbury Index 7

Patient-related Age ≥ 11 years 8

Obesity 9

References: 1 [13,18–21]; 2 [19]; 3 [20]; 4 [21]; 5 [18,21–25]; 6 [20]; 7 [26]; 8 [27]; 9 [28].

Much controversy exists regarding the acceptable degree of angular deformity [29,30].
Up to 30–35◦ of angular deformity in the sagittal plane and 10◦ in the coronal plane are
suggested for adequate remodeling if the patient has at least 5 years of growth left [11,31].

Conventional radiographs of children’s nonoperatively treated forearm fractures
are usually taken 1 and 2 weeks after the injury and again at the time of completion of
immobilization (4–5 weeks) [17,32] to evaluate the alignment. During this follow-up, the
clinician also assesses the condition of the splint.

The aim of the present study was to determine the clinical importance of radiographic
follow-up of pediatric distal forearm fractures after splinting. We hypothesized that less
than 20% of children with a distal forearm fracture treated with non-operative means would
show worsening of the alignment or increasing displacement that would meet the wide
reduction criteria. Another aim was to determine the importance of clinical follow-up in
detecting the need for splint repairing. We hypothesized that more than 50% of the patients
would require splint correction or renewal.

2. Materials and Methods

This study included 100 children less than 16 years old who were consecutively
treated for distal forearm fracture in the pediatric orthopedic outpatient clinic of Oulu
University Hospital, Finland from January 2010 to December 2011. Acute distal radius
fractures, with or without distal ulna fractures, were included if they were considered
suitable for nonoperative treatment. Only fractures with the potential for displacement
were accepted. For the coherence of the study patients, we excluded a few patients who
had circumferential casts and included only patients treated with a splint. Stable buckle
fractures and patients who were referred for operative treatment were excluded. The
fracture types were classified according to the AO pediatric comprehensive classification
of long bone fractures [33]. All clinical and radiological data concerning the injuries in
question were retrieved from hospital medical records.

Most children with acute fractures, including forearm fractures, receive primary
treatment in the emergency room at Oulu University Hospital. The treating physician
can be a family doctor or a surgeon. The conservative treatment protocol includes the
application of a splint with or without manipulation. The reduction, if needed, is performed
under local or general anesthesia. We mainly use a custom-made below-elbow padded
dorsal or volar splint of plaster of Paris, which is curved to the other side of the forearm to
give three-point support. The splint reaches distally to the metacarpophalangeal joint. Post-
reduction radiographs are taken before discharge. The first follow-up visit is scheduled
7–10 days later and includes a radiograph and evaluation by a pediatric orthopedic surgeon,
a pediatric surgeon familiarized with childhood trauma or a resident in these specialties.
Subsequent visits with radiographs usually occur at 2 weeks and 4 weeks following the
injury. Undisplaced or minimally displaced fractures may have only one follow-up visit
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with radiographs at 1–2 weeks after the injury without further actions. Follow-up is decided
on an individual basis for every patient, and no obligatory follow-up schema is applied for
these patients.

In accordance with the study protocol, the patients’ radiographic and clinical follow-up
findings were studied at every follow-up visit. The radiographs included anteroposterior
and lateral projections taken via a digital radiograph system. The angulation degree was
defined as the angle between the central longitudinal axis of the proximal and distal frag-
ments of the distal radius. The anterior–posterior and lateral displacement was expressed
in millimeters. One researcher (MP), with 20 years of experience in pediatric radiology and
childhood trauma imaging, performed all radiographic analyses.

Two criteria, “strict” and “wide” (Table 2), were defined according to the current
literature [11–13,19,29,34,35] prior to the study to evaluate the course of the nonoperatively
treated distal forearm fractures and their alignment. The 2 criteria included the upper limits
for the angulation in the anterior–posterior and coronal directions and for translational
displacement in any direction, expressed in millimeters. We adjusted for the age and gender
of the patients regarding these criteria (Table 2). Institutional approval for the study was
obtained prior to its initiation (21 October 2019, 146/2009).

Table 2. Limits of acceptable alignment according to the “strict” and “wide” criteria.

Sagittal Plane Coronal Plane Displacement
Treatment Protocol Age Boys Girls

“Strict”
0–5 >25◦ >25◦ >10◦ >10 mm

6–10 >20◦ >20◦ >10◦ >10 mm
≥11 >15◦ >10◦ >5◦ >5 mm

“Wide”
0–5 >35◦ >35◦ >20◦ >10 mm

6–10 >30◦ >30◦ >15◦ >10 mm
≥11 >25◦ >20◦ >15◦ >10 mm

The main outcome of the study was a worsening fracture alignment beyond the
accepted limits (Table 2) during the follow-up period. In total, 2 separate analyses were
performed to analyze the worsening alignment in relation to the 2 limits of acceptance (wide
and strict). As a secondary outcome, the importance of clinical follow-up was determined
based on the frequency of splint repair or new casting at every follow-up visit.

Statistical Analysis

Based on prior prospective studies of Asadollahi et al. and Alemdaroğlu et al. [18,36],
we hypothesized that 20% of the fractures would lose their alignment during follow-up.
An odds ratio of 10 for the loss of alignment of children’s distal radial fractures was
considered clinically significant when using strict criteria. This was reasonable given
that the occurrence of re-displacement in this self-controlled case study was 2% among
non-operative children. With a statistical power of 80% and a two-sided α error of 0.05,
we calculated that the required sample size was 87 children. To overcome the potential
missing data of the individual consecutive cases in this research, we conducted a sample
size analysis prior to the study initiation, and we opted for the study population size
of 100 to exceed the minimum sample size. The quantitative data are described as the
mean and range for categorical variables and as frequencies and proportions with 95%
confidence intervals constructed using the exact Clopper–Pearson method. Basic statistics
were calculated using IBM SPSS Statistics for Windows, Version 27 (Armonk, NY, USA,
IBM Corp.) statistical software. Confidence intervals of the proportions were calculated
using StatsDirect Statistical Software, version 3.3.5 (Wirral, England, StatsDirect Ltd. 2008).
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3. Results
3.1. Study Sample and Patients’ Characteristics

Altogether, 100 patients were included in the study. Of these, one patient received
their primary treatment at another hospital, but their follow-up visits were carried out
at the study institution. Of the original one hundred thirteen patients, thirteen patients
were excluded from the analysis. Overall, five of these thirteen patients did not have
post-reduction radiographs for follow-up, one patient had a primary fracture that was
missed, and one patient with a Salter–Harris type 1 fracture was excluded because the
fracture was one of a kind. The other six patients were excluded because they were treated
with a circumferential cast.

The mean age of the patients was 11.7 years (range 4–16 years). Overall, 70% of the
patients were aged 11–16 years, and 60% of the patients were male. The most common
injury cause (73%) was a fall from a standing height. Snowboarding, downhill skiing,
scootering, and skateboarding were the most common recreational activities related to
distal forearm fractures in this population. The radius fractures comprised 18% complete
metaphyseal fractures, 32% incomplete metaphyseal fractures, and 50% physeal Salter–
Harris type 2 fractures. The fracture types, according to the AO pediatric comprehensive
classification of long bone fractures, were 23r-E/2, 23r-M/2, and 23r-M/3. The baseline
characteristics of the patients, their injury types, and their treatments are presented in
Table 3.

Table 3. Baseline characteristics of the patients, their injury types, and treatments.

n = 100

Age, years 11.7 ± 2.8
Age distribution

0–5 years 3
6–10 years 27
11–16 years 70

Gender
males 60
females 40

Fracture side
left 70
right 30

Type of injury
Fall 73
Fall > 1 m 12
Traffic incident 3
other 12

Fracture type
Salter–Harris II 50
Incomplete metaphyseal 32
Complete metaphyseal 18

Treatment *
Immobilization in situ 44
Reduction with LA ** 43
Reduction with GA *** 12

Treating physician on admission *
Family doctor 57
Junior Surgeon 39
Senior Surgeon 3

Time of treatment
Day, 6 a.m.–9 p.m. 72
Night 9 p.m.–6 a.m. 28

* n = 99, ** Local anesthesia (LA), *** General anesthesia (GA).
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Altogether, 226 follow-up visits with radiographs took place. Follow-up visit one
occurred 2–10 days after the injury in 95 patients. The second follow-up visits took place
between 11 and 20 days (41 patients) and the third between 21 and 41 days (83 patients)
after injury. Only seven patients had a later follow-up visit, occurring between 42 and
212 days after the injury.

In terms of reduction, 55% of the fractures were reduced on admission and 44% were
immobilized without reduction. The fracture alignment after the primary treatment is
presented in Table 4.

Table 4. Fracture position during primary care.

Treatment on Admission Immobilization In Situ (n = 44) Reduction (n = 55) Post Reduction (n = 55)

Angulation on sagittal plane * 8.6 22.9 5.4
range 0–17 5–57 0–18

Angulation on coronal plane * 0.5 5.2 0.7
range 0–10 0–26 0–16

Displacement ** 0.5 5.1 1.4
range 0–5 0–24 0–7

* Mean, degrees; ** mean, millimeters.

3.2. Occurrence of Loss of Alignment

A total of 84 (84%) of the fractures showed acceptable alignment after primary treat-
ment according to the strict criteria, and 99 (99%) fractures were acceptably aligned accord-
ing to the wide criteria. The only case exceeding the wide criterion of coronal angulation
after primary treatment was an 11-year-old girl, who had a complete metaphyseal frac-
ture. Most (97/99) of the fractures (98%, 95% confidence interval [CI] 93–100%) showed
acceptable alignment during the entire follow-up period according to the wide criteria
(Table 5).

Table 5. Fracture alignment after primary care and during follow-up visits No 1–4.

Protocol Alignment Primary Care Visit 1 Visit 2 Visit 3 Visit 4

Strict Accepted 84 88 36 79 7
Not accepted 16 7 5 4 0

Wide Accepted 99 95 41 81 7
Not accepted 1 0 0 2 0

Current practice * 100 95 41 83 7
* True number of patients at every visit.

In total, two patients dropped out during the follow-up period; these were two girls
aged 12 and 14 years with complete metaphyseal fractures. Deterioration of the sagittal
alignment in the radial fractures was detected 4 weeks after the injury (Figure 1).

Altogether 16/84 (19%, 95% CI 11–29%) of the patients lost acceptable alignment
during the follow-up when the strict criteria were used. According to the different fracture
types, loss of alignment occurred in 18% (9/50) of the SH 2 fractures, 13% (4/32) of the
incomplete metaphyseal fractures, and 17% (3/18) of the complete metaphyseal fractures.
Worsening of the alignment was recognized at a mean of 13 days (range 5–29).

3.3. Rate of Reduction during Follow-Up

In total, one patient of the 100 (1%, 95% CI 0.03–5%) was re-treated during the follow-
up period. She was a 12-year-old girl who had a complete metaphyseal fracture with dorsal
angulation (17◦), and she was primarily treated with immobilization without manipula-
tion. At 12 days after the injury, the angulation was similar, but the first reduction was
determined. However, the fracture malalignment of 17◦ was within the limit of acceptable
alignment, and no intervention was needed according to the wide criteria.
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ture was detected and treated by immobilization without manipulation (a). In a follow-up visit at 
one-week mark, the alignment was good (b), but four weeks later a worsening alignment in radius 
was revealed with 24° dorsal angulation (c). A six-month follow-up visit was arranged showing 
good fracture position (d). 
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Figure 1. A 14-year-old girl injured her right wrist in downhill skiing. A complete metaphyseal
fracture was detected and treated by immobilization without manipulation (a). In a follow-up visit at
one-week mark, the alignment was good (b), but four weeks later a worsening alignment in radius
was revealed with 24◦ dorsal angulation (c). A six-month follow-up visit was arranged showing good
fracture position (d).

3.4. Need for Splint Repair

The clinical evaluation of the patients resulted in repairs of splints in 32 (32%, 95%
CI 23–42%) of the cases. Most of the cases (24, 24%) required repairs within 10 days
after injury, whereas seven casts were fixed at the second follow-up visit. One patient
received a removable splint 3 weeks after the trauma. The intervention with the splint was a
consequence of loosening or failure of the splint, irritative reactions, or other inconvenience
caused by the splint.

4. Discussion

Distal radius fractures are the most common pediatric fractures, but due to their good
remodeling capacity, they can mostly be treated nonoperatively [13]. No consensus has yet
been reached regarding the limits of acceptable angular and translational displacement for
decisions on whether to reduce the fracture or to leave correction of the position to remod-
eling during growth. Therefore, in this study, we retrospectively used two different criteria,
“strict” and “wide”, to evaluate the course of 100 consecutive pediatric nonoperatively
treated distal forearm fractures and their alignments. Instead, we decided not to use the (re-
)reduction as the primary variable of treatment failure because it depends on the particular
decision of each particular treating physician rather than on the evidence-based guidelines
for this injury. We found that 16/84 (19%) of the fractures showed secondary displacement
beyond the acceptable alignment when the strict criteria were used. When the wide criteria
were applied, only two (2%) of ninety-nine fractures benefited from radiographic follow-up.
Maccagnano et al. have evaluated accordingly predetermined radiographic parameters
for failure predictors of conservative treatment in pediatric forearm shaft fractures in their
study [37].
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Consideration of the benefit of radiographic follow-up in accordance with the patient’s
age depends on how much remodeling potential is available should a displacement oc-
cur [29,38]. Van der Sluijs found that a malunion of 15◦ had a mean remodeling time of
12 months, and this increased to 36 months for a malunion of 30◦ [39]. In metaphyseal frac-
tures, a mean remodeling rate of 2.5◦ per month and up to 7.6◦ of correction per month has
been reported in children [40]. A positive correlation between the remodeling speed and
malunion angulation and a negative correlation between remodeling speed and remodeling
time have been found [40,41]. The coronal remodeling potential in distal radius fractures of
skeletally immature patients is remarkable. A mean coronal angulation remodeling rate
of 2.3◦ per month was detected by Lynch et al. in 2020 among 36 pediatric patients aged
from 4 to 12 years [35]. In Australia, Roth et al. studied 66 children suffering from nonop-
eratively treated distal forearm fractures that had failed and undergone re-displacement:
24 were re-manipulated, and 42 were left to heal in the position of the angular deformity.
Re-manipulation of the distal forearm fractures in the children < 12 years did not improve
their outcomes [34]. Therefore, Roth et al. suggest the following acceptance criteria when
re-angulation occurs: up to 30◦ of angulation in children < 9 years, 25◦ of angulation in
children aged 9–12 years, and 20◦ of angulation in children ≥ 12 years. They also encourage
clinicians to be more reluctant to perform re-reductions. A Norwegian prospective study
reported that 12 patients out of 88 showed more than 15 degrees of malangulation after
nonoperative treatment. Of these twelve, seven participated for 7 years of follow-up visits
and demonstrated complete remodeling [42]. Similar long-term outcomes have been found
among children under 10 years of age independent of residual fracture deformity during
fracture healing [12,20,23,35].

In addition to the displacement criteria and the patient’s maturity, the age and location
of the fracture, any clinical deformity, and the clinicians’ judgement can influence the treat-
ment options [18]. Complete fracture displacement [13,18], translation of more than half the
bone diameter, volar angulation, and a simultaneous ulnar fracture at the same level as the
radius fracture have been identified as predictors of instability [36]. In their study, Asadol-
lahi et al. reported a secondary displacement rate of 28.8%, but only 7.4% of the patients
needed a second procedure [18]. Their criteria for displacement were even tighter than the
strict criteria used in the present study. Notably, the use of strict radiographic displacement
criteria alone may increase the number of unnecessary interventions and follow-up visits
for fractures with a high potential to remodel. An internet-based survey conducted by Bern-
thal et al., (2015) on the management of pediatric distal radius fractures revealed that, in
addition to the fracture displacement and the patient’s age, the surgeon’s subspecialty and
the practice environment affected the treatment recommendations. Pediatric orthopedic
surgeons favored the most conservative management [30].

In the present study, 32 (32%) of the patients needed clinical interventions during
follow-up, namely fixing or renewing the splint. In most of these cases (24/32; 75%) the
need arose in the first 10 days after the injury. The need to fix a splint can be the result of the
splint loosening when post-traumatic edema in soft tissues decreases. Some of the required
clinical interventions may have been due to the quality of the splint and the experience of
the personnel in the emergency department, which is not dedicated to treating children’s
fractures. This finding supports the idea of routine clinical follow-up of distal forearm
fracture patients during the early follow-up period. An option for later clinical assessment
could be to interview the patient and the parent(s) by phone and, if necessary, to the
arrange an outpatient clinic visit. Routine clinical follow-up could be performed by trained
orthopedic nurses without intervention by a surgeon.

Because of the high frequency of pediatric distal radius fractures, the expenses related
to the treatment of these fractures are not trivial. Godfrey et al. [43] retrospectively investi-
gated the treatment-related costs of closed distal radius fractures in 5640 children treated
at a large academic children’s hospital in the USA. The median costs of closed reductions
without manipulation, closed reductions in the emergency department or radiology proce-
dure suite, and percutaneous pinning in the operating room were USD 1390, USD 4263,
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and USD 9389, respectively. This included only medical services. The fracture management
approach and use of the operating room had the greatest influence on the treatment costs.
They concluded that choosing not to perform a closed reduction in patients whose fractures
will adequately remodel during their growth could reduce treatment costs. Considering
the primary treatment of distal radial metaphyseal fractures, Orland et al. [44] estimated
that in children younger than 10 years of age 27% of closed reduction procedures were
unnecessary. The costs of closed reduction and manipulation using procedural sedation
in the emergency department were estimated to be eight times higher than the costs of
cast immobilization in an outpatient clinic. Cost saving of up to 12% of the total cost
of nonoperatively treated pediatric forearm fractures can be achieved by eliminating the
radiographic follow-up visit at 4 weeks after the injury, according to Luther et al. [32].

Health care resources could be optimized by employing wide criteria for acceptable
alignment in the primary treatment of children’s distal forearm fractures, favoring splint-
ing/casting in an outpatient clinic without manipulation, and conducting rigorous casting.
As most activity concerning loose, unfit, or broken splints appeared in the one follow-up
visit at 1 week after the injury, clinical inspection at the one-week mark seems justifiable.
Informing the patient and the parents about the good natural course of fracture healing,
even with moderate displacement, and encouraging them to contact the treating unit with
any concerns about splint impairment will increase compliance.

Strengths and Limitations

The retrospective nature of this study did not produce systematic long-term outcomes.
The number and timing of follow-up visits were also inconsistent in the study population.
We do not have available information for all risk factors for the displacement of distal fore-
arm fractures. Because no widely accepted guidelines are available concerning acceptable
alignment of children’s distal forearm fractures, the effect of the treating physician’s prefer-
ences may have influenced the treatment choices. Although we included 100 fractures, 70%
of the patients were aged 11–16 years and the number of patients in the younger age groups
was quite small. However, the risk for loss of reduction is higher in children ≥ 11 years
old. Accordingly, when the fractures were classified by fracture type, only 18 patients had
fractures with the greatest potential for dislocation (i.e., complete metaphyseal fractures).
A strength of this study is its design with an objective measurable outcome, namely the
malalignment beyond a predetermined threshold, despite the dependence of the rate of
(re-)reduction on the decision by the treating surgeon for every single patient.

5. Conclusions

We evaluated 100 consecutive nonoperatively treated distal forearm fractures with
the potential to displace. One in five of the fractures (16/84, 19%) that were acceptable
after primary treatment were found to lose reduction when strict criteria for reduction were
applied. Worsening alignment was found in two patients (2%) with complete metaphyseal
fractures when the wide criteria were applied. However, only one of the one hundred
fractures underwent a reduction during follow-up in real life. The use of strict criteria
for acceptable alignment would have increased the number of fracture reductions and
follow-up visits with radiographs. Nevertheless, this study does not resolve whether these
potential (re-)reductions would have been important in achieving any long-term benefits
regarding the clinical outcomes of the patients. Another important finding was that one in
three of the patients needed their splint repaired, and this mostly occurred 1 week after
the injury.
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Abstract: Background: Equinus deformity with or without concomitant drop foot is a common
finding in children with unilateral spastic cerebral palsy and spastic hemiplegia of other causes.
Hypothetically, these deformities may lead to pelvic retraction and hip internal rotation during gait.
Orthoses are used to reduce pes equinus during gait and to restore hindfoot first contact. Objective:
We aimed to investigate whether the use of orthotic equinus correction reduces rotational hip and
pelvic asymmetries. Methods: In a retrospective study, 34 children with unilateral spastic cerebral
palsy or spastic hemiplegia of other causes underwent standardized instrumented 3D gait analysis
with and without orthotic equinus management. We analyzed the differences in the torsional profile
during barefoot walking and while wearing orthoses, as well as investigated the influence of ankle
dorsiflexion and femoral anteversion on pelvic and hip kinematics and hip kinetics. Results: Wearing
orthoses corrected pes equinus and pelvic internal rotation at the end of the stance phase and in
the swing phase compared to barefoot walking. Hip rotation and the rotational moment did not
significantly change with orthoses. Orthotic management or femoral anteversion did not correlate to
pelvic and hip asymmetry. Conclusion: The findings indicate that the correction of the equinus by
using orthoses had a variable effect on the asymmetry of the hip and pelvis and internal rotation;
both appear to have a multifactorial cause that is not primarily driven by the equinus component.

Keywords: hemiplegia; cerebral palsy; pelvic asymmetry; hip asymmetry; pes equinus; orthotic
management

1. Introduction

The most common gait abnormalities in children with unilateral spastic cerebral palsy
and spastic hemiplegia of other causes are pes equinus with or without drop foot, in-
toeing, and stiff knee in the swing phase. Other manifestations are hip flexion, hip internal
rotation, and pelvic retraction [1–3]. As a consequence of these abnormalities, children are
prone to developing lever arm dysfunction and clearance problems, such as dripping and
falling [1]. The standard treatment for in-toeing gait is femoral derotation osteotomy (FDO).
The surgically improved hip centration results in reduced internal rotation of the hip and
pelvic retraction [4,5]. Nevertheless, FDO carries the risk of over- or under-correction of
rotational abnormalities [6]. To date, the pathogenetic mechanisms of internal rotation gait
are not fully understood, and dynamic factors need to be discussed. Dynamic components
can include muscular imbalance, increased muscle tone, spasticity, and altered moment
arms [7]. It was hypothesized that hip internal rotation might be a result of high femoral
anteversion or increased hip flexion present in children with unilateral spastic cerebral
palsy [8,9]. However, it is still unclear whether this is a cause or a consequence of other
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factors. This might explain the variability of results after femoral derotation osteotomies.
Based on computerized modeling, Brunner et al. showed a significant correlation between
ankle plantar flexion and hip internal rotation in children with unilateral spastic cerebral
palsy as a direct functional effect. Hence, an equinus position changes the torsional forces in
the hip joint and, thus, increases hip internal rotation and pelvic retraction. This mechanism
may represent a driving factor for the persistence of increased femoral anteversion during
growth. Furthermore, it was suggested that the effects at the hip and knee are related to the
function of the triceps surae and are not directly dependent on neuromuscular control [10].
In addition, Pasin Neto et al. found a combined improvement of ankle dorsiflexion and
internal rotation of the hip through postural insoles in children with bilateral spastic cerebral
palsy [11]. However, the body of literature lacks studies that underline the hypothesis that
increased plantar flexion is a relevant factor leading to internal rotation gait.

Orthotic management is typically applied to correct pes equinus during walking and
restore heel contact at initial contact (IC) in children with unilateral spastic cerebral palsy or
spastic hemiplegia of other causes [12–14]. This results in an improvement of the first and
second ankle rocker, increased dorsiflexion, and reduced drop foot [12,13,15–17]. Further-
more, orthotic management to correct pes equinus decreases energy cost, increases speed
and stride length, enlarges hip and ankle range of motion, and improves the kinematics
and kinetics of the knee [12,15–19].

In addition to conservative treatment with orthotics or the surgical rotation correction
of the femur described above, various other treatment approaches are used for spasticity
management, the improvement of foot elevation, or the correction of contractures. These
include oral spasmolytics, selective dorsal rhizotomy, oral or intrathecal baclofen [20],
botulinum toxin injections [21], muscular strengthening and stretching through physio-
therapy, neuromuscular electrical stimulation [22], lengthening of the calf muscles, and
shortening of the anterior tibialis tendon with or without split transfer to peroneus bre-
vis [23]. The latter contributes to the balanced, active foot elevation or at least leads to a
supporting tenodesis.

If pes equinus plays a central role as a driving factor for internal rotation gait, tor-
sional moments of the hip, hip internal rotation, and pelvic asymmetry [1–3,10,24], these
patterns should vanish or at least be significantly reduced by the orthotic management
of equinus foot deformity. However, to the best knowledge of the authors, this was not
previously investigated.

We hypothesized that the rotational effects and asymmetry of the hip and pelvis are
significantly reduced by using orthoses to correct pes equinus in children with unilateral
spastic cerebral palsy and spastic hemiplegia of other causes. As a secondary research
question, this study aimed to investigate whether a high femoral anteversion reduces the
corrective effect of the orthoses on hip and pelvic asymmetry.

2. Materials and Methods
2.1. Participants

Gait analysis data from children with unilateral spastic cerebral palsy and spastic
hemiplegia of other causes and equinus foot deformity were investigated in this study.
Furthermore, these patients needed to have orthotics for the management of equinus
deformity. The exclusion criteria were the absence of dynamic pelvic or hip asymmetry,
botulinum toxin therapy of the leg conducted within three months prior to gait analysis, or
a history of selective dorsal rhizotomy (See Figure 1). None of the children had a previous
derotating femoral osteotomy. The inclusion criteria were the neurological disorder due to
cerebral palsy, post-stroke, post-trauma, neoplasia, syndrome or post-infection, between 4
and 18 years old, and Gross Motor Function Classification System (GMFCS) I or II. Further
inclusion criteria based on the gait analysis parameters were pes equinus of the affected
side (ankle plantar flexion at IC and/or < 5◦ ankle dorsiflexion in the single support phase);
≥4◦ transversal hip internal rotation (>1 standard deviation (SD) of typically developing
reference group); and ≥5◦ asymmetry of the hip or pelvis (>1 SD of typically developing
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reference group). Only one gait analysis per patient was included. The examination was
carried out barefoot and with orthotic support of the equinus foot. The type of orthosis
was based on the individual need of the patient and varied from heel wedges, insoles, and
foot drop bandages to ankle–foot orthosis and supramalleolar orthosis, according to Nancy
Hilton. All orthotics shared the goal of correcting the equinus position during walking to
reduce the effects of increased plantar flexion on proximal segments and planes.
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right and left row: number of and reason for excluded patients.

2.2. Measurements

All 3D gait analyses were carried out by the same experienced physiotherapists and
pursuant to standardized procedures [25]. The participants were asked to walk along a
10-m walkway at a self-selected speed. Two gait analyses were performed in succession:
the first barefoot and the second wearing their individual orthosis. Reflective markers were
transferred from the foot to the orthosis according to a standardized protocol. At least
three valid strides per patient and per condition were analyzed. A clinical examination was
carried out as a standard part of each gait analysis. As a part of the clinical examination,
femoral anteversion was measured using the TPAT (trochanteric prominence angle test).

2.3. Data Analysis

Several parameters for pelvic, hip, and ankle motion were derived from the gait
analysis data. The pelvic motion in the transverse plane was calculated over the entire gait
cycle (GC) due to the interdependent motion of the left and right pelvic hemispheres. Hip
rotation was calculated as a mean during the stance phase (ST) and specifically at initial
contact (IC). Furthermore, the internal hip rotational moments were calculated and used
for further analysis. The ankle joint position was calculated at IC and as a mean during the
stance phase. Furthermore, manually measured femoral torsion was used to determine a
possible influence on pelvic and hip asymmetry. To determine any possible influences of
the pes equinus and the femoral torsion on the pelvic and hip movements, differences in
the joint angles between barefoot and orthotic management were calculated (See Table 1).
They represent the change in joint angles while wearing the orthoses.

To study the dynamic effect of equinus position over the first half of the stance phase
(30%) on the hip rotation angle (See Figure 2), the ∆ hip rotation was calculated with and
without orthotics (See Figure 3). This difference was then correlated with the femoral
anteversion angle to evaluate whether patients with a high anteversion angle showed
significantly less ∆ hip rotation during this phase.
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Table 1. Description of the calculation of the used variables.

Variable Calculation

Pelvic asymmetry barefoot [◦] |mean pelvic rotation GC affected/unaffected side|
Pelvic asymmetry with orthosis [◦] |mean pelvic rotation GC affected/unaffected side|

∆ pelvic asymmetry [◦] barefoot affected side/orthotic affected side
Hip asymmetry barefoot [◦] |mean hip rotation ST affected/unaffected side|

Hip asymmetry with orthosis [◦] |mean hip rotation ST affected/unaffected side|
∆ hip asymmetry [◦] barefoot affected side/orthotic affected side

∆ mean hip rotation ST [◦] orthotic affected side/barefoot affected side
∆ hip rotation IC [◦] orthotic affected side/barefoot affected side

∆ hip rotational moments ST [◦] orthotic affected side/barefoot affected side
Barefoot ∆ hip rotation [◦] hip rotation midstance/hip rotation initial contact
Orthotic ∆ hip rotation [◦] hip rotation midstance/hip rotation initial contact

∆ ankle dorsi/plantar flexion IC [◦] orthotic affected side/barefoot affected side
∆ = delta; | | = absolute value; GC = gait cycle; ST = stance phase; IC = initial contact.
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Figure 2. Statistic parametric mapping of kinematics of pelvic rotation, hip rotation, ankle flexion,
and hip movement during gait. Grey area: significant changes on affected side between barefoot
(red curve) and walking wearing orthoses (blue curve). The kinematics of the unaffected side (green
curve) are shown as a reference.

2.4. Statistical Analysis

The data were tested for normal distribution using the Shapiro–Wilk test. Based on
normally distributed data, for each parameter, descriptive statistics were calculated with
means and SD. Paired sample t-tests and statistical parametric mapping (SPM), including
the Bonferroni method, were used to investigate differences between barefoot and orthotic
management. The influence of ∆ ankle dorsi/plantar flexion IC and femoral anteversion
on ∆ pelvic and hip asymmetries and ∆ hip rotation ST were analyzed by linear regression
analyses. The significance level was set at α ≤ 0.05.

2.5. Sample Size

Due to a retrospective study design, out of 64 patients with unilateral spastic cerebral
palsy and spastic hemiplegia of other causes who underwent a gait analysis, 34 were
included in this study, according to the inclusion and exclusion criteria (See Figure 1).
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Figure 3. Linear regression of femoral anteversion or changes in pes equinus on changes in pelvic and
hip asymmetry, hip rotation, and hip rotational moments. ∆ pelvic asymmetry = barefoot affected
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adj = R2 adjusted. Dotted line: zero line; continuous line: regression line.

3. Results

Sixty-four children with unilateral spastic cerebral palsy and spastic hemiplegia of
other causes were found in our database. A total of thirty patients were excluded due to
the inclusion and exclusion criteria from the gait analysis data.

The selection process resulted in 34 children (17 females, 17 males) with unilateral
spastic (n = 24) or spastic-dystonic (n = 10) hemiplegia of different causes. Reasons for the
movement disorder were cerebral palsy (n = 24), post-stroke (n = 6), post-traumatic (n = 1),
neoplastic (n = 1), syndromal (n = 1), and post-infectious (n = 1) disease. Twenty-seven
patients had GMFCS-level I and 7 GMFCS-level II. The patients’ mean age at examination
was 10 ± 4 years (4 to 17 years old). Individual orthotic management was used for pes
equinus correction and compensation for leg length discrepancy. In the clinical examination,
the participants showed a femoral anteversion from 10◦ to 45◦ (mean = 27.65◦ ± 9.07◦).

Pelvic and hip asymmetry did not significantly change with orthoses (each by approx.
2◦) (See Table 2). There was a significant difference in mean pelvic rotation during GC. With
orthotic management, the pelvis rotated approx. 1◦ more inwards. When walking barefoot,
the group showed an ankle plantar flexion at IC of around 12◦, which was significantly
reduced with orthoses (by approx. 14◦) and resulted in a mean dorsiflexion at IC around 2◦.

73



Children 2023, 10, 307

Table 2. Comparison of kinematic gait data barefoot and with orthoses.

Parameter Barefoot
(Mean ± SD) [◦]

Orthoses
(Mean ± SD) [◦] p-Value

Pelvic rotation GC (mean) −7.4 ± 5.5 −6.1 ± 4.7 0.018
Pelvic rotation GC (ROM) 16.6 ± 4.3 16.3 ± 4.9 0.657

Pelvic asymmetry 15.5 ± 9.8 13.9 ± 7.2 0.106
Hip rotation ST (mean) 12.9 ± 6.3 11.6 ± 8.4 0.398
Hip rotation ST (ROM) 21.1 ± 8.2 25.1 ± 9.4 <0.001

Hip asymmetry 16.2 ± 10.2 14.6 ± 9.3 0.326
Ankle dorsi/plantar flexion IC −11.5 ± 6.0 2.2 ± 4.1 <0.001

Ankle dorsi/plantar flexion ST (mean) 3.2 ± 8.8 8.0 ± 4.6 <0.001
GC: gait cycle, ROM: range of motion, ST: stance phase, IC: initial contact. Pelvic rotation: protraction =
+/retraction = −; hip rotation: internal = +/external = −; pelvic asymmetry = |affected/unaffected pelvic rotation
GC (mean)|; hip asymmetry = |affected/unaffected hip rotation ST (mean)|; ankle: dorsiflexion = +/plantar
flexion = −.

With orthotic equinus management, there was a significant pelvic internal rotation at
the end of ST and the beginning of the swing phase compared to barefoot (See Figure 2).
There was a visible but not significant deviation of hip rotation with orthoses compared
to barefoot at IC but no longer in midstance (MST). Hip moments during ST showed no
significant changes. Pes equinus was corrected at IC, the end of ST, and during the swing
phase using orthoses.

The changes in the ankle position at IC did not relate to the changes in pelvic asym-
metry (β = 0.222, p = 0.189), hip asymmetry (β = −0.128, p = 0.662), ∆ hip rotation at ST
(β = −0.195, p = 0.486) and at IC (β = −0.096, p = 0.731), or ∆ hip rotational moments at
ST (β = −0.001, p = 0.109) (See Figure 3). Femoral anteversion did not show a relationship
with rotational asymmetries (pelvis: β = 0.139, p = 0.190) (hip: β = −0.196, p = 0.280). The
changes in the hip rotation at IC to MST did not relate to the femoral anteversion. This
could be shown with orthoses (β = 0.124, p = 0.278) and barefoot (β = 0.98, p = 0.542).

The hip asymmetry increased in 15 participants and decreased in 19 participants
while wearing their orthosis (See Figure 4). Twenty-three children showed a reduced
pelvic asymmetry when wearing the orthosis, while 11 children had an increased pelvic
asymmetry with the orthosis.
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4. Discussion

The current study investigated the influence of orthotic equinus correction in children
with unilateral spastic cerebral palsy and spastic hemiplegia of other causes on hip and
pelvic rotation and associated asymmetries. All the participants showed a significant
reduction in plantar flexion when wearing orthotics, underlining that there was a func-
tional correction of pes equinus during gait and corroborating the findings of previous
investigations [14,16,17,26].
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However, this correction of pes equinus showed variable effects on hip and pelvic
rotation, even though pes equinus has been associated with pelvic retraction and internal
hip rotation in the previous literature [10,27]. From this global evaluation, the clinical
relevance of these effects seems only to be relevant for some children, or other factors mask
this association.

On average, only a significant difference in mean pelvic rotation at the end of the
stance phase and the beginning of the swing phase of 1◦ toward the internal rotation
could be found, which we consider not to be clinically relevant. This reduction could be
explained by the reduction in leg extension due to the orthosis and, therefore, the reduction
in pelvic retraction movement and the lifting of the foot is no longer delayed. According
to Aminian et al., the retraction on the affected side was also seen as compensation for the
stride length of the opposite side, which is impaired by the weakness of the hip extensors
on the affected side [28].

There was a trend in the linear regression analysis that when the pes equinus was
corrected while wearing orthoses, there was a marginal decrease in the hip asymmetry,
and the asymmetry of the pelvis slightly increased. The hip rotation at initial contact and
hip rotational moments during the stance phase showed no significant relationship with
the ankle position. Furthermore, the amount of femoral anteversion did not significantly
affect rotational asymmetries when wearing an orthosis. However, there was also a slight
opposite trend as the femoral anteversion increased, the pelvic asymmetry also increased,
and the hip asymmetry decreased (See Figure 3).

In line with the results of Brunner et al. [5], Figure 2 shows a visible but not significant
deviation of hip rotation with orthoses compared to barefoot at initial contact, but no longer
during midstance. This may explain why the dynamic effect is most relevant during the
early stance phase or why static torsional or lever arm preconditions are the more relevant
factors for torsional positioning after the loading response.

For a better understanding, we additionally correlated the dynamic change in hip
rotation during the first 30% of the gait cycle with the clinically measured femoral an-
teversion angle (See Figure 3). There, we could not find a significant relationship either
with orthoses or barefoot. This may have several explanations. First, if there is remaining
passive internal rotation in the hip despite an increased femoral anteversion, the dynamic
effects of equinus foot position on hip rotation may still work. Another explanation may
be that other dynamic effects could be relevant and mask the dependence between this
suggested effect. Furthermore, clinical evaluation of the femoral anteversion angle shows
only a weak correlation with the anatomical anteversion, which may also mask this effect.
This will be further addressed in the limitations section.

Figure 4 further illustrates that there was a very variable effect of the orthoses on
the rotational asymmetries. About half of the patients saw improved hip asymmetry, and
about two-thirds saw improved pelvic asymmetry (See Figure 4). However, the effects on
asymmetries were highly inconsistent, and possible reasons need to be further discussed.

Weak hip abductors [29] or increased hip flexion, which contribute to an increase in
the internal rotating movement of the hips, may also play a role [9]. There is some limited
evidence that soft tissue surgery of the hip flexors and adductors, in addition to femoral
derotational osteotomy, improves pelvic retraction, as well as internal hip rotation [30].

A potential leg length difference was compensated with orthotic management. The
influence of leg length differences on rotational asymmetries is possible; however, to
conclude this, the exact calculation would be beneficial. Furthermore, malalignment,
altered tibial torsion, and a structural or functional pointed foot may influence a possible
correction of the asymmetries.

In summary, we recommend a correction of the pes equinus through orthoptic man-
agement for a proven significant reduction in ankle plantar flexion and, thus, functional
correction. Multiple factors seem to influence rotational asymmetry. Our results underline
that other factors need to be considered to understand internal rotation hip and pelvic
retraction patterns in children with unilateral spastic cerebral palsy and spastic hemiplegia
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of other causes. We suggest that a more comprehensive dynamic and static investigation is
needed, taking into account various additional confounding factors, such as tibia torsion,
muscular weaknesses, and joint contractures, in order to improve our understanding of
the mechanisms underlying rotational asymmetries. Since internal rotation is one of the
most disturbing aspects of gait impairment in these children, it is crucial to inform the
children and their parents that the internal rotation of the hip and pelvic asymmetry may
persist despite orthotic management of the equinus foot position and potentially needs to
be addressed by other means, such as rotational orthotics or surgical correction through
rotational osteotomy.

There are several limitations to mention. One reason for a pronounced internal rotation
gait is increased femoral anteversion. This was manually measured in the current study
with the commonly used Craig’s test. Measured in the prone position, the hip is rotated
until the greater trochanter can be palpated most prominently. The amount of torsion corre-
sponds to the angle of the flexed lower leg to the vertical. Several studies have compared
the widely used Craig’s test and computed tomography to measure femoral anteversion
without significant correlation [31,32]. Therefore, the analysis of whether a higher femoral
anteversion produces a smaller effect on correcting asymmetry in walking is limited. How-
ever, in our study, the differences in gait parameters between barefoot and wearing orthoses
were the main parameters not affected by femoral anteversion measurement.

The type of orthosis was based on the individual need of the patient. Due to the
individual orthotic management, it was not possible to create subgroups of orthotic type.
However, to answer the main question, it was only relevant that the orthosis corrected the
equinus foot functionally, which was the case in all participants.

Our retrospective study population included children with spastic and spastic–dystonic
hemiplegia with variable causes, which resulted in a rather inhomogeneous population. For
a more detailed analysis investigating further possible influencing factors, such as further
stratification, e.g., on the influence of spastic or dyskinesia (dystonia) or on the influence of
structural or functional pes equinus—a larger number of patients should be included.

All participants walked first barefoot and then with orthoses. The changes in gait
pattern between the two examinations could have occurred due to muscular and/or
mental fatigue. No studies have investigated the effect of fatigue on physical function.
A prospective study randomizing the order of walking with a larger sample size could
outweigh some of the limitations of the current study.

The variability of dynamic effects of orthotic management on the hip and pelvic
rotation, which was found in our study, clearly shows that there is a need to further
investigate these mechanisms. A major limitation of this retrospective approach is the
limited number of patients, which did not allow for further subgroup analysis.

5. Conclusions

Orthotic management of pes equinus significantly reduced ankle plantar in children
with unilateral spastic cerebral palsy or spastic hemiplegia of other causes and is, therefore,
recommended for functional correction. However, there was a variable effect on the hip and
pelvic asymmetry. The increased hip internal rotation problem appears to be multifactorial.
Children and their parents need to be informed that rotational asymmetries may persist
when using orthoses.
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Abstract: (1) Background: Trampoline fractures (proximal tibia fracture with positive anterior tilt)
are increasing. This study represents the first attempt to determine the extent of remodeling in these
fractures after conservative treatment (2) Methods: This Swiss prospective multicenter study included
children aged 2 to 5 years with a trampoline fracture who were radiologically examined on the day
of the accident and after one year. In addition, the anterior tilt angle was compared between the
injured and unaffected tibia. Remodeling was defined as complete (final anterior tilt angle ≤ 0◦),
incomplete (smaller but still >0◦), or no remodeling. (3) Results: The mean extent of remodeling was
−3.5◦ (95% CI: −4.29◦, −2.66◦, p < 0.001). Among the 89 children included in the study, 26 (29.2%)
showed complete, 63 (70.8%) incomplete, and 17 patients (19.1%) no remodeling. Comparison of
the anterior tilt angles between the fractured and healthy tibia showed that the anterior tilt angle on
the fractured leg was, on average larger by 2.82◦ (95% CI: 2.01◦, 3.63◦; p < 0.001). (4) Conclusions:
Although the anterior tilt angle decreased during the study period, the majority of patients showed
incomplete remodeling. In contrast, children with radiological examinations >1 year after the trauma
showed advanced remodeling, suggesting that one year is too short to observe complete remodeling.

Keywords: trampoline; trampoline fracture; proximal tibia; positive anterior tilt angle; remodeling

1. Introduction

The popularity of backyard trampolines in Switzerland has been increasing over the
past two decades. Jumping on the trampoline has positive effects on the development of
physical strength, coordination, and psychological well-being and is an excellent opportu-
nity to improve the perception of body and space. Unfortunately, we noticed a remarkable
increase in trampoline fractures [1–7]. Among these injuries, fractures of the proximal tibia
are particularly common in children under 5 years of age [1,8–10]. A recent retrospective
study [2] at our institution showed increased anterior tilt angles of the proximal tibia in chil-
dren who had sustained a trampoline injury compared with tilt angles in an age-matched
cohort of healthy children.

Trampoline fractures are typically caused by bouncing on the trampoline, especially
when the child jumps with an older or heavier child without parental supervision [1–3,5,6].
When two children of unequal weight jump on the trampoline, the jump net follows the
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heavier child. When the lighter child is in the air, while the heavier one is jumping off,
the net hits the leg of the lighter child with full force from below. The fracture pattern
results from axial compression of the leg (especially the proximal tibia) and concomitant
hyperextension of the knee joint in young children with open growth plates. Other forces,
such as torsion, varus, or valgus, are usually not present. However, these fractures are not
at risk of progressive valgus deformity after fracture healing, as described by the Cozen
phenomenon [3,11–13]. Crucial to the diagnosis of a trampoline fracture is the combination
of an appropriate medical history, typical symptoms (i.e., pain in the proximal tibia after
jumping on a trampoline, refusal to walk), and radiologically, an increased anterior tilt
angle at the proximal tibia. Measurement of the anterior tilting of the proximal tibia in
the lateral plane is an important, valuable radiological tool for the diagnosis of suspected
trampoline fractures, even when no fracture line is evident [2]. Other obvious radiological
signs of a trampoline fracture include a buckle, torus, or transverse hairline fracture of the
proximal tibial metaphysis or scooping of the tibial tubercle notch. Before radiographic
measurement of the positive anterior tilt angle at the tibia, it was difficult to diagnose a
trampoline fracture [2], and we must assume that these fractures may have been overlooked
in the past. Trampoline fractures are typically treated conservatively [10] in a long leg cast
for 3–4 weeks.

However, the long-term effects in terms of functionality and stability of the knee joint
after a trampoline fracture remains unclear, and currently, there is nothing in the literature
on bone remodeling after trampoline fractures in children.

The aim of this study was to investigate the extent of tibial remodeling after trampoline
fracture over the course of at least one year. For this purpose, we documented the anterior
tilt angle during follow-up, with a focus on checking for the uplift of the tibial plateau with
correction of the anterior tilt angle to values ≤0◦ (range −2◦ to +2◦).

Based on our observations, we proposed two hypotheses:

Hypothesis I (main hypothesis). In children with a trampoline fracture, the bone might remodel
within one year, and the pathologically positive anterior tilt angle might become ≤ 0.

Hypothesis II. In children with a trampoline fracture, the anterior tilt angle may reach the same
angle measured on the healthy leg after conservative therapy in a long leg cast.

2. Materials and Methods

The hospital ethics committees of the five participating national children’s hospitals
(Aarau, Basel, Bern, Lucerne, and Zurich) approved this prospective observational multi-
center study with a retrospective component. The study was sponsored by the Research
Council of the Cantonal Hospital Aarau. One statistician from the clinical trial unit in Basel
evaluated the blinded radiological measurements and assessed their statistical relevance.
This study was registered at: ClinicalTrials.gov, identifier: NCT04028908.

Parents were informed about the study during normal follow-ups. Participation was
voluntary and free of charge for the families. Before study initiation, a specific information
pamphlet was created and approved by the ethics committees. The families were required
to sign it before participating in the study.

The study included children aged 2 to 5 years who had sustained a fracture of the
proximal tibia while jumping on a trampoline and who had radiographs of the injured leg
taken on the day of the accident and at least one year after the trauma. Clinical examination
included assessment of gait, leg length, and axes such as varus, valgus, and ante- or
retro-curvature of the lower leg. For the present study, we prospectively enrolled patients
that had sustained a new trampoline fracture in 2016. We also retrospectively enrolled
some children (13 of 89 patients) of the same age who had sustained a trampoline fracture
between 2011 and 2016 to analyze the remodeling of trampoline fractures even more than
one year after trauma. In some cases (72 of 89 patients), we had obtained formal consent
to x-ray the opposite healthy tibia (only lateral plane) at least one year after trauma. This
was performed exclusively on a voluntary basis with the idea of documenting the uplift
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of the tibial plateau and comparing the anterior tilt angles between the own injured and
healthy leg. All children were treated conservatively in a long leg cast with the knee in full
extension or 15–20 degrees of flexion for 3–4 weeks.

The initial and follow-up radiographs were evaluated separately by two specialized
pediatric radiologists. Fractures were classified as complete fractures or torus fractures.
The anterior tilt angle of the tibia was measured according to our previous study [2] in a
lateral radiograph of the lower leg. For this purpose, a tangent was drawn through the
proximal and distal ends of the tibial epiphyseal plate. The proximal line of the angle
was defined by drawing a tangent between the dorsal and middle points of the physis
(the anterior point of the physis can be used if the line also intersects the middle point or
two lines of the plate were visible, in which case the lower line was used for measure-
ment). The distal part of the angle was determined by drawing a tangent between the
dorsal and ventral epiphyseal plates of the distal physis (Figure 1). Strict or standardized
lateral images are not necessary for the measurements of the anterior tilt angles. Measure-
ments were performed with an angle measurement tool on a Sectra AB picture archiv-
ing and communication system (PACS IDS7TM, Version 19.3, Teknikringen 20, SE-58330
Linkoping, Sweden).
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Figure 1. Measurements of the anterior tilt angle of the proximal tibia in children with trampoline
fracture. (A) Radiographs of a child with a torus fracture. Measurements were taken (a) on the day
of the accident; (b) after one month, and (c) after one year; (d) x-ray of the healthy opposite leg.
The negative anterior tilt angle (−4.8◦) at one year indicates complete remodeling. (B) Radiographs
of a child with a complete fracture. Measurements were taken (a) on the day of the accident,
(b) after one month, and (c) after one year. The negative anterior tilt angle at one year (−6.4◦) shows
complete remodeling.

Before and during the study, we searched the literature for anterior tilt angle values,
but to date, no normative pediatric anterior tilt angle values have been defined; therefore,
we based our evaluations on results from a previous study [2] and defined a physiolog-
ical angle as ≤0◦ (range −2◦ to +2◦). All analyses were performed with R Version 3.6.2
(Vienna, Austria).

Statistics

Continuous variables are expressed as the arithmetic mean, standard deviation (SD),
and categorical variables are expressed as the absolute and relative frequencies. The
measurements of the two radiologists were averaged prior to analysis, and their agreement
was quantified with the intraclass correlation coefficient (ICC). The ICC is calculated based
on an analysis of variance. The ICC is estimated by dividing the variation, which was due
to the subject-to-subject difference, through the total variance seen in these data. An ICC of
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1 indicates that all differences in the measurements are explainable by differences in the
subjects and, therefore, that the method is completely reproducible. The Student’s t-test
was performed to estimate the extent of remodeling. We defined complete remodeling as
an anterior tilt angle ≤0◦ at the end of the exam. We defined incomplete remodeling as any
remodeling that resulted in an anterior tilt angle that was less positive than the initial angle
measured after the fracture. Risk factors for incomplete remodeling were assessed with a
logistic model.

To evaluate our second hypothesis, we assessed the difference between the healthy
and broken legs based on a paired t-test. Results are expressed as the odds ratio (OR) and
95% confidence interval (95% CI).

3. Results

We identified 93 children, aged 2 to 5 years, that had sustained a trampoline fracture
during the period of October 2011 to December 2019 (Figure 2). Four children had to
be excluded from the study: two children because their parents refused to participate in
the study and two other children because they could not provide a lateral radiograph of
the lower leg at the final examination. Therefore, the study included 89 children with an
evaluable radiograph of the tibia on the day of the injury and a final examination at least
one year (range 11–16 months, median 12 months) after the trauma. In addition, 13/89
patients (14.6%) had a final x-ray taken between 2 and 5 years (range 20–64 months, median
36 months) after the injury. The cohort included 40 males (45%) and 49 (55%) females. The
mean age was 3.3 years (SD 1.2). In 72/89 patients (80.9%), we could compare anterior tilt
angles between the affected and healthy legs.
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Hypothesis I. Anterior tilt angle might show remodeling within one year.

Among the 89 patients, the mean anterior tilt angle at the time of injury was 5.8◦

(SD 3.7◦), and the average value at the final examination was 2.3◦ (95% CI: 1.41◦, 3.26◦,
p < 0.001; Table 1). Thus, the mean extent of remodeling was −3.5◦ (95% CI: −4.29◦, −2.66◦,
p < 0.001) during the observation period. Overall, 26/89 patients showed complete remod-
eling with a final anterior tilt angle ≤0◦. However, 17/89 patients showed no remodeling
at all. In 63/89 children with remodeling, the anterior tilt angle remained positive at the
final examination, which indicated incomplete remodeling after the trampoline fracture
(Table 2 and Figure 3).
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Table 1. Measurements of anterior tilt angles after trampoline fracture in our study population
(N = 89) on the day of the injury and one year after trauma.

Time
Anterior Tilt Angle a

Min Max Mean Sd

Day of injury −4.45◦ 16.60◦ 5.751◦ 3.734◦

Final exam (fractured leg) −8.45◦ 11.85◦ 2.298◦ 4.394◦

a Values are averages of measurements performed by two radiologists.

Table 2. Characteristics of children with trampoline fractures of the tibia, defined by remodeling
(complete/incomplete/no remodeling) and the anterior tilt angle value at the final examination.

Characteristic Any Remodeling? Complete Remodeling?
Final Anterior Tilt Angle ≤ 0◦

yes no yes no

n (%) 72 (80.9) 17 (19.1) 26 (29.2) 63 (70.8)

Mean age, y (SD) 3.2 (1.1) 3.5 (1.4) 2.8 (1.1) 3.5 (1.2)

male sex, n (%) 30 (41.7) 10 (58.8) 7 (26.9) 33 (52.4)

Mean initial tilt, degree (SD) 6.3 (3.6) 3.8 (3.7) 3.5 (3.6) 6.8 (3.4)

Type of fracture, n (%)
- complete
- torus

18 (25.0) 4 (23.5) 2 (7.7) 20 (31.7)
54 (75.0) 13 (76.5) 24 (92.3) 43 (68.3)
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Figure 3. Anterior tilt angles of the proximal tibia in fractured and healthy legs of children with
trampoline fractures. The fractured legs were measured in the initial x-ray, taken at the time of the
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(negative) to rather pathological (positive) values. Dotted bars: children without an x-ray of the healthy
leg (17/89 patients); checked bars: children with an x-ray of the healthy leg at the final examination
(72/89 patients).
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Hypothesis II. Anterior tilt angle might reach the same value as on the healthy leg.

At least one year after the trauma, 72/89 patients received a radiograph of the healthy
leg. The anterior tilt angles at the final examination between the fractured and healthy legs
were comparable. However, after remodeling, the anterior tilt angle on the fractured leg
remained 2.82◦ (95% CI: 2.01◦, 3.63◦, p < 0.001; Figure 3) larger than on the healthy leg. The
anterior tilt angles measured on the healthy proximal tibia in our study population ranged
from −9.4◦ to +6.2◦ (mean −0.7336◦, Table 3).

Table 3. Summary statistics of anterior tilt angle measurements in children with trampoline fracture
of the tibia who received radiographs of the healthy leg on the day of the injury and at least one year
after trauma (n = 72/89).

Time Anterior Tilt Angle a

Min Max Mean Sd

Day of injury −4.45◦ 16.60◦ 5.6926◦ 3.853◦

Final exam (fractured leg) −8.45◦ 11.85◦ 1.9554◦ 4.382◦

Final exam (healthy leg) −9.40◦ 6.20◦ −0.7336◦ 3.453◦

a Values are averages of measurements performed by two radiologists.

In 30/72 patients, the anterior tilt angle was ≥0◦ at the final examination. In these
children, the initial anterior tilt angle was significantly larger than in children with an
anterior tilt angle ≤0◦ at the final exam (7.2◦ vs. 4.8◦, p = 0.008; Table 4), despite similar
age and sex distributions between groups. Similarly, patients with a large tilt angle on the
healthy leg also tended to have a large tilt angle on the fractured leg at the final examination,
and thus, they were more often classified as incomplete remodeling (Figure 4).

Table 4. Characteristics of children with trampoline fractures of the tibia also had radiographs of the
healthy leg (n = 72/89), categorized by the tilt angle measured at the final exam.

Characteristic Final Tilt > 0◦ Final Tilt ≤ 0◦

n (%) 30 (41.7) 42 (58.3)

Mean age, y (SD) 3.2 (1.1) 3.1 (1.2)

Male sex, n (%) 14 (46.7) 18 (42.9)

Mean initial tilt on the fractured leg, degrees (SD) 7.2 (3.7) 4.8 (3.7)

Type of fracture, n (%)
- complete
- torus

6 (20.0) 9 (21.4)
24 (80.0) 33 (78.6)

In our study population, torus fractures were clearly more frequent than complete
fractures (Tables 2 and 4).

We found three significant risk factors associated with a lack of remodeling (final
anterior tilt angle >0◦, Table 5): male sex (OR: 0.82 compared to females, p = 0.0252); large
anterior tilt angle on the initial x-ray (p < 0.001); and complete fracture (OR torus versus a
complete fracture was 1.28, p = 0.0193).

None of our patients developed a valgus (Cozen phenomenon) or varus deformity.
All patients retained a normal gait and an unaffected leg length.

The average ICC was between 0.68 and 0.82, indicating that the anterior tilt angle
measurements were highly congruent between the two radiologists (Table 6).
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Figure 4. Comparison of the anterior tilt angles between the fractured and the healthy leg at the final
x-ray among children with trampoline fractures of the tibia. After remodeling, the anterior tilt angle
in the injured leg is still larger than on the opposite healthy leg, as shown here by the majority of
anterior tilt angle values (black dots) above the bisecting blue line.

Table 5. Factors associated with lack of remodeling at one year (anterior tilt angle > 0◦ at the final
exam) after a trampoline fracture of the tibia.

Variable OR CI p-Value

Age at final x-ray 0.95 [0.88, 1.02] 0.1885

Male (vs. female) 0.82 [0.70, 0.97] 0.0252

Tilt at initial x-ray 0.96 [0.93, 0.98] <0.001

Torus (vs. complete fracture) 1.28 [1.05, 1.57] 0.0193

Table 6. Inter-rater agreement between the two radiologists that evaluated radiographs of trampoline
fractures of the tibia based on intraclass coefficient (ICC). Only the tilt angle values of patients
measured independently by both radiologists were considered.

Time of Measurement ICC Patients, n Measurements, n

Day of Injury 0.81 89 178

Final x-ray (fractured leg) 0.82 86 172

Final x-ray (healthy leg) 0.68 71 142

4. Discussion

This is the first study to determine the extent of remodeling in trampoline fractures
in children. Our data demonstrated that most fractures showed signs of remodeling on
radiographs taken at least one year after the injury. During the study period, we observed
an average correction at the tibial plateau of −3.5◦. Nevertheless, the anterior tilt angles
remained larger (pathologic positive values) than the tilt angles in the healthy legs at
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the final examination. Due to the values of the anterior tilt angle not reaching negative
physiological values or the values of the opposite healthy leg, we concluded that remodeling
was largely incomplete (Figure 3 and Table 3).

Our observation time was too short to observe complete remodeling, which was
confirmed by the fact that most children who had a final examination > 1 year after the
trauma showed, on average, advanced remodeling (most anterior tilt angles < 0◦) than
children who had a final examination one-year post-trauma (Figure 5).
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Figure 5. Extent of remodeling over time in children with trampoline fracture of the tibia. Based on
the extent of remodeling and the anterior tilt angle at the final examination, we can conclude that
patients in whom the final examination was performed >1 year after trauma had better remodeling.

Summarizing, we can say that remodeling occurs, and the conservative treatment is
sufficient. However, we cannot predict how long complete remodeling will take. Therefore,
we could not reject either of our two hypotheses.

Unfortunately, we were unable to demonstrate which values of anterior tilt angle
predict complete, incomplete, or no remodeling and ultimately determine at which an-
terior tilt angle the fracture should be treated surgically. Our data suggested that a lack
of remodeling was associated with the male sex, a large tilt angle at the initial radiolog-
ical examination, and a complete fracture (Table 5). Moreover, torus fractures occurred
more frequently in our cohort, indicating that fracture severity did not affect remodeling
(Tables 2 and 4).

In our study population, the anterior tilt angles of the proximal tibia of the healthy legs
ranged from −9.4◦ to +6.2◦ (mean −0.7336◦, Table 3). This finding suggests that children
of this age might have a physiologically positive anterior tilt angle in the absence of a
fracture or have been exposed to repetitive trauma to the proximal tibia while jumping on
the trampoline (Tables 3 and 4). In our previous study, we found chronic repetitive changes
such as sclerosis of the metaphysis, growth arrest lines (Harris lines), and widening of the
growth plates in children who regularly jump on the trampoline [1]. The latter would at
least explain why in our previous work [2], the values of the anterior tilt angle in healthy
children who had not suffered any trauma on the trampoline were smaller (3.2◦, SD 2.8◦).
An alternative explanation for the positive anterior tilt angles could be that children with
physiologically positive anterior tilt angles, a priori, are more vulnerable or predisposed
to trampoline fractures than children with less positive or negative anterior tilt angles. In
contrast, the large negative anterior tilt angles indicate that a large normal variation is
possible at this young age. In turn, our values reflect the normal ranges of the anterior tilt
angles in adults, where the tibial slope averages approximately 10◦ (SD 3◦) [14,15]. Due
to the current lack of normative data on proximal tibial tilt angles in children, all these
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possibilities are speculative. This once again underlines the need to collect more data on
normal tilt angles for the child population.

As claimed in the previous study [2], our data indicates that an anterior tilt angle ≥0◦

does not necessarily indicate a fracture. To diagnose a trampoline fracture with certainty,
the clinical presentation and the trauma mechanism must be considered.

All children received conservative treatment for the fractures, and the clinical courses
were uneventful. We observed no disturbances in the gait and no angular deformities such
as varus, valgus, ante- or retro-curvature of the lower leg during follow-up. In contrast to
our work, some previous studies reported growth disturbances related to proximal tibial
injuries in children [16–18] or angular deformities described by Tuten and Cozen [11,19,20].
These findings suggest that trampoline fracture may be a subtype of proximal tibia frac-
ture that occurs in early childhood and does not affect the growth plate. However, it
is still unclear whether persistent ventral tilt of the tibial plateau could lead to altered
biomechanics in the knee joint in the future. As shown in previous publications [21], an
increase in the tibial slope in teenagers might be a risk factor for ACL (anterior cruci-
ate ligament) injuries, especially in adolescents participating in high-risk activities. This
phenomenon is attributed to the fact that increased tibial slope affects the biomechanics
of the knee in terms of the anterior translation of the tibia relative to the femur, increas-
ing the load on the ACL and creating a tibial shear force that results in ACL injury [22].
Currently, the future effects of positive tilt angles after trampoline fractures on biome-
chanics in the knee joint are unknown. In general, we recommend a clinical examination
1–2 years after trauma to avoid overlooking patients who have angular deformities, ante-
or retro-curvature, and possibly even no remodeling. Especially in children who do not
show remodeling, we recommend clinical and radiological follow-up at the latest before
the end of growth in order to intervene in time in case of increasing anterior tilt of the
proximal tibia.

This study had some major limitations. First, the low number of patients. Despite
our substantial number of cases (n = 89 patients), we achieved a power of 0.7, which was
below the pre-calculated power of 0.8, for which we needed to include at least 125 patients
in the study. Second, a major limitation is the time factor. After at least one year, our data
showed mostly incomplete remodeling, suggesting that one year is too short for complete
remodeling. Third, the anterior tilt angle was measured indirectly by the growth plate,
which does not necessarily represent the tibial slope. The angle values were also not verified
by MRI or CT scans. Another limitation was that we only compared injured legs with
healthy legs within the same study population. Unfortunately, we did not have data for a
large control group or normative data.

5. Conclusions

In summary, this study represented the first attempt to understand and show the
remodeling of trampoline fractures in children. We could demonstrate that conservative
treatment was sufficient and that the post-traumatic course was mainly uneventful. In
most of our cases, we could show partial remodeling after one year. However, we cannot
determine how long complete remodeling will take. In children who do not show remod-
eling, we recommend prolonged clinical and possibly radiologic follow-up because the
consequences of incomplete remodeling and its effects on biomechanics in the knee joint
remain unclear to date.

Our findings should encourage further studies to establish the normal range of ante-
rior tilt angles in the proximal tibias of children to better understand this mechanism in
the future.
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Abstract: Ultrasound (US) of the infant hip is used to diagnose developmental dysplasia of the hip
(DDH). We present a new sonographic sign that describes the periphery of the femoral head and the ac-
etabulum as two concentric circles.During 2008–2019, 3650 infants were referred for diagnosis of DDH.
All underwent a clinical and US examination. We recorded the femoral head as the inner circle, within
a fixed external circle, which was identified as the acetabulum. We analysed the clinical signs and risk
factors. The US sign of two concentric circles was normal in 3522 infants and was classified as normal
hip development. The alpha angle was >60◦ in 3449 (95%) infants. For the remaining 73 (5%) infants,
the alpha angle was 50–60◦ and underwent further follow-up examination until the alpha angle
was normalised. In 128 babies (3.5%), we detected the disruption of the concentric circle sign; the
femoral head was found outside the acetabulum, which appeared with an upward sloping roof and
the alpha angle was <50◦. These infants had DDH and received appropriate treatment. Infants with
a concentric circle sign and normal alpha angle are normal, whereas those with a disrupted sign are
considered as having DDH.

Keywords: hip ultrasound; developmental dysplasia of the hip; concentric circle sign; hip dysplasia;
diagnostic imaging

1. Introduction

Developmental dysplasia of the hip (DDH) is the most common disorder of the infant
hip. A clinical examination is an essential part of diagnosis for infants with potential hip
dysplasia. The main clinical features are a positive Ortolani sign, reduced hip abduction,
and apparent leg length discrepancy. A variety of risk factors for hip dysplasia have been
reported and the most common include breech presentation, positive family history, and
multiple pregnancies. Congenital foot abnormalities, congenital muscular torticollis, prema-
turity, low birth weight, and oligohydramnios are among other risk factors [1–3]. A definite
diagnosis for the normal or dysplastic hip is established with ultrasound examination
(US) and, if required, is followed by an X-ray examination [4–6]. Hip joint sonography, as
described by Graf, describes the hip anatomy with an area of immature hip development
between that of the normal and dysplastic hip [7].Rosendahl et al. described hip stability
during the US examination using the term “concentric” with the dynamic Barlow manoeu-
vreand measured the gap between the femoral head and the acetabulum. She proposed the
division of the infant hip into four types as stable, minorinstability, major instability, and
dislocated hips [8,9].

Our study presents a new sign during sonography of the infantile hip. We recorded
in the standard coronal plane, the spherical periphery of the femoral head lying inside
the concentric spherical acetabulum, which forms a double concentric circle figure. When
hip development is abnormal, as in dysplasia or dislocation, this sign is not detected. The
acetabulum appears as an elliptic surface, there is clear disruption of the concentric circle
sign, and the head appears as a sphere in a sloping roof.
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2. Patients and Methods
2.1. Study Group

A cohort of clinical and ultrasound (US) data were prospectively collected during the
decade 2008–2019. In our paediatric orthopaedic department, 3650 neonates and infants
were referred from their attending paediatricianfor a hip evaluation. The infants presented
with suspicious clinical signs or risk factors for hip dysplasia. Their ages ranged from
10 days to 12 months. This selective cohort of patients was specifically referred from their
community or hospital paediatricians and did not represent a screening cohort.

Initially, we formulated an evaluation data collection form to record the sex, name
and date of birth, and aetiology of the referral. We recorded as risk factors the positive
family history for hip dysplasia, breech presentation, twins, or multiple birth. We have not
evaluated other risk factors such as prematurity or low birth weight.

Positive family history referred to babies with a first-degree relative that required an
intervention, such as orthotic treatment or surgery, excluding a history of double nappies.

2.2. Clinical Examination

Clinical signs suspicious for DDH were reduced hip abduction (bilateral or unilateral),
asymmetry of gluteal creases, leg length discrepancy, or pelvic tilt. The asymmetry of gluteal
creases was also recorded in the prone position. Infants with foot disorders and torticollis
were included in the group of children that were referred from the clinical examination.

Ortolani and Barlow tests were used to evaluate the stability of the infant’s hip. We
recorded the test as negative or positive, indicating the possible presence of dysplasia.
We were careful with the strength used for performing the test, especially in neonates
during the first month of age. Infants referred for clicky hips were evaluated in the clinical
examination and scored only as showing positive or negative Ortolani test findings.

2.3. Ultrasound Examination

US examination was performed during the same referral examination. We performed
the scans according to Graf’s principles, trying to identify the lower limb, iliac bony rim,
and prominent acetabular labrum. Examination was performed along the coronal plane.
We measured the alpha angle. US was performed using a GE Logiq 100 system with a
7.5-MHz linear transducer (GE-Healthcare, Milwaukee, IL, USA).

We defined the periphery of the femoral head and the subchondral part of the ac-
etabulum. The acetabulum was recorded from the labrum to the triradiate cartilage, at
the boundary of the growth plate of the femoral head. Thesigns formed an image resem-
bling double concentric circles, clearly incorporated one in the other. The observation was
clear, and it was not necessary to draw lines. The presence of the ossification nucleus was
recorded and compared to the size in each leg.

A dynamic US examination followed, which was performed by internal and external
rotation of the limbto evaluate the movement of the inner circle, the femoral head, while the
external circle, the acetabulum, remained rigid. The inner circle was rotated without losing
contact with the acetabulum. In the presence of dysplasia or dislocation, the round femoral
head was detected but the acetabulum appeared with an upward sloping roof and we
could not define its spherical shape. The inner acetabulum presented an elliptic shape, and
the round femoral head was at a distance from the triradiate cartilage. A spherical femoral
head lying on an elliptically shaped acetabulum could be detected. For all unilateral cases,
when the ossific nucleus appeared on the normal side, there was a distinct difference in the
size of the affected nucleus in contrast to the normal nucleus. The average time required
for the entire evaluationin calm babies was 10 min (Figures 1–5).
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Figure1. Representative image of a concentric double circle. (a): The inner circle is the femoral head 

and the outer circle is the acetabulum. (b): The arrows point to the boundaries of the head and the 

acetabulum. 
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Figure2. Normal concentric circles with the spherical femoral head lying inside the spherical sub-

chondral acetabulum. (a) left and (b) right hip. 

  
(a) (b) 

Figure3. Bilateral normal ultrasound with the presence of ossific nuclei of the femoral head, show-

ing the normal concentric circles sign. (a) left and (b) right hip. 

Figure 1. Representative image of a concentric double circle. (a): The inner circle is the femoral
head and the outer circle is the acetabulum. (b): The arrows point to the boundaries of the head and
the acetabulum.
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Figure 2. Normal concentric circles with the spherical femoral head lying inside the spherical
subchondral acetabulum. (a) left and (b) right hip.
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the normal concentric circles sign. (a) left and (b) right hip.
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Figure5. Image showing DDH (a) on the left hip, with the spherical head lying on the upper part of 
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Of the 3650 infants, 2628 (72%) were referred because of suspicious clinical signs, 
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DDH. 
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Figure 4. Bilateral DDH with disruption of the double concentric sign on the left and right side.
(a) The acetabulum is elliptic and the head has a spherical shape (b) The arrows point to the femoral
head and the sloping acetabulum. There is increased distance between the head and the depth of
the acetabulum.
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Figure 5. Image showing DDH (a) on the left hip, with the spherical head lying on the upper part of
the elliptic shape acetabulum and (b) the normal right hip.

3. Results

Of the 3650 babies included in our study, 2336 (64%) were female and 1314 (36%) were
male. The age at their initial examination varied, with a higher prevalence at the ages of
3–5 months.

Of the 3650 infants, 2628 (72%) were referred because of suspicious clinical signs,
while the remaining 1022 (28%) were referred due to the presence of risk factors. Of these,
475 babies (13%) had been referred for both clinical signs and risk factors.

Overall, 295 babies in the group with clinical signs also had risk factors for DDH and
180 babies in the group of infants with risk factors also had clinical findings suspicious
for DDH.

Risk factors for DDH included babies born in breech presentation, the presence of
positive family history, and multiple pregnancies (Table 1).
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Table 1. Reasons for referral to the orthopaedic unit.

Numberof Infants Percentage %

1. Clinical Examination 2628 72%

2. Risk Factors

a. Positive family history
b. Breech Presentation
c. Multiple babies

1022

a. 396
b. 816
c. 105

28%

a. 30%
b. 62%
c. 8%

3. Combined etiology 475 13%

Infants referred after the clinical examination involved a total of 2808 (2628 suspected
infants +180 infants with clinical signs), of these 1798 (64%) babies presented with reduced
abduction of the hips affecting either both hips (85%) or a unilateral hip (15%). Leg
length discrepancy and pelvic tilt were the referral aetiology in 56 babies (2%), and foot
abnormalities and torticollis were those in 112 babies (4%). Asymmetry of the gluteal
creases was observed in 168 babies (6%) (Table 2).

Table 2. Results of clinical examination of referred infants for DDH (n = 2808).

Number of Infants Percentage (%)

Reduced Abduction 1798 64%
LLD and Pelvic Tilt 56 2%
Asymmetry of Creases 168 6%
Ortolani Positive 674 24%
Foot Abnormalities 112 4%

Of note, 674 infants were also referred to our clinic because of positive Ortolani and
Barlow test results, including ‘clicky hips’. Of these, in clinical examination, 95 children
were found to be positive for the manoeuvre.

Overall, 3650 babies underwent US examination.
Using the criteria of the two concentric circles, 3522 (96.5%) babies presented normal

hips. Among them, 3449 (94.5%) had an alpha angle >60◦ and 73 (2.0%) had an alpha
angle between 50◦ and 60◦ and were classified as having immature hip. Based on the
concentric circle sign, we identified contact and smooth movement of the head in the
acetabulum, but these children were assigned to further evaluation, until the appearance of
the ossific nucleus and normalisation of the alpha angle. In 128 infants (3.5%), there was a
clear disruption of the two concentric circles and the hip was classified as subluxated or
dislocated. The Graf classification was types threeand four, with an alpha angle <50◦. Of
these, bilateral dysplasia was detected in 18 babies. The children were treated, either using
a modified Pavlik or Tubingen brace when aged <3 monthsor with closed reduction under
anaesthesia and arthrogram, if not easily reduced.

In the group of 128 children diagnosed with DDH, only eight were males. Among
them, 124 children had a positive clinical sign of reduced abduction, positive Ortolani test,
andapparentleg length discrepancy (LLD). The remaining four infants had a normal clinical
evaluationbut had been referred for breech presentation with loose broad abduction of
the hips.

4. Discussion

We describe a new sign on US examination of the infantile hip. Ultrasound is an
essential approach to examine hips in the first year of birth. Graf provided a clear definition
for accurate assessment of the hip, emphasising the exact plane of examination with the
lower limb, iliac bone, and upper part of the labrum. Measurement of the alpha angle
describes the osseous part of the acetabulum. Despite considerable variability, alpha angle
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measurements have been described to be associated with age, sex, and side [4,7,10]. We
adopted the initially defined alpha values for normal as >60◦. Nonetheless, measurements
of the beta angle are not always accurate. Graf divided neonatal hips into four groups and
further subdivided type II into subgroups a, b, and c in order to deal with the immature
group of neonatal hips. The reliability of the Graf classification has been questioned several
times, as it depends on various subjective parameters, including the experience of the
examiner and orientation of the US transducer, but mainly because it requires an accurate
plane of examination [11–14].

Harcke et al. utilised the dynamic measurements of the neonatal hip, while Terjersen
and Morin measured the coverage of the femoral head, as a percentage of the height of
the femoral head is covered by the osseous part of the acetabulum [15–18]. Hosny et al.
proposed a new angle for measurement, which combined the alpha and beta angles [19].
All these measurements are well established in the medical literature.

Several authors have tested the reproducibility of US tests and defined the alpha
angle as the most accurately reproducible measurement. These measurements were mainly
tested in neonates, while in our cohort, mainly older infants were examined. As neonates
grow, it becomes easier to differentiate the immature normal hip from a dysplastic hip.
Peterlein et al. described the presence of an angled or round bony roof. In our study, this
was considered a normal finding when the femoral head produced the concentric circle
sign with the acetabulum and had a normal alpha angle [20,21].

Rosendahl et al. described the dynamic test by dividing neonates into four groups.
The authors used the term “concentricity” and the main sign during the test was evalu-
ation of the gap between the femoral head and the acetabulum, combined with possible
displacement of the labrum. They described minor or major instability by measuring the
gap in the acetabular depth [8,22].

During the first week of life, hip instability with a positive Ortolani sign is common and
usually improves. The strength required to perform tests of stability may overestimate the
normal laxity and possibly the diagnosis of neonatal hip dysplasia, leading in overtreatment
of the normal neonatal hip.

The concentric double circle sign is easily identified either in static or dynamic US
examination. The periphery of the femoral head rotates but remains in contact with the
acetabulum in normal hips. We did not draw circles to figure these circles as we found
it easy to estimate their concentricity. However, accurate digital measurements for the
sphericity of the two circles can be made during US, similar to Mose measurements of the
sphericity of the femoral head in Perthes’ disease.

All hips that were measured with an alpha angle >60◦ of Graf type I presented with
a normal concentric circles sign. Hips with a normal concentric circle sign, but with an
alpha angle of 50–60◦, were classified as immature. They were regularly followed up to
evaluate the normal development of the alpha angle in order to exclude hip dysplasia. An
immature hip is expected to become normal by the second month of age, but a grey zone
always exists. Hips characterized as immature may resolve spontaneously without any
treatment [20,23,24].

All hipswith an alpha angle <50◦ indicated a clear disruption of the two concentric
circles sign. In hip dislocation, the femoral head was found on the outer part of the ilium,
while in subluxation, it was found on the edge of the sloping roof of the acetabulum. All
these cases were further treated with orthotics using a modified Pavlik or Tubingen brace
or by closed reduction under anaesthesia.

Clinical and US examination was performed simultaneously by the same paediatric or-
thopaedic surgeon. Usually, referrals to orthopaedic surgeons follow previously performed
US examinations from trained neonatologists, radiologists, or sonographers. Ultrasonogra-
phy is used to establish the diagnosis of hip dysplasia. The incidence of DDH is increased
when the diagnosis is based purely on US examination [23,24].
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All children with a positive Ortolani sign, when accurately performed and not mixed
with a normal click, were classified as dysplastic and showed a disruption of the concentric
double circle sign [25,26].

The disparity between clinical and US diagnosis in neonatal screening is well presented
by Kuyng et al. [27]. They described clinical instability under the Barlow and Ortolani tests,
referring to five types, including noisy hips and reported that 92% of subluxable hips were
Graf I or IIa subtypes, which is a common finding in neonates with hip instability. They also
reported that 73% of the dislocating or dislocated hips were Graf I or IIa subtypes on static
examination. This differs from our result that all babies with a positive Ortolani finding
presented with a disrupted concentric circle sign. The age of our patients and performance
of the test by an experienced surgeon are possible explanations for this discrepancy.

Infants referred for minor limitation of hip abduction are generally found to be normal
on US examination. Similar findings were observed in our patients. However, in infants
with bilaterally dislocated hips, limited abduction may be the only important clinical
sign, with the absence of instability. In these patients, US examination confirmed the
clear disruption of the concentric circle sign, with the femoral head lying outside the
sloping acetabulum.

The increased incidence of DDH in our patients is justified as the selected babies were
referred due to positive clinical findings and risk factors but were not cases derived from a
general screening test.

5. Conclusions

We present a new ultrasonographic sign that presents the femoral head and the acetab-
ulum as two concentric circles. The sign can be reproduced both in the static and dynamic
examination of the hip. It can be used in combination with alpha angle measurement to
diagnose the normal development of the infant’s hip. The sign is disrupted in infants with
DDH. Infants defined as having immature hips according to the Graf classification should
be followed up until confirmation of normal hip development is established.
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Case Report

Traumatic Hip Dislocation in Pediatric Patients: Clinical Case
Series and a Narrative Review of the Literature with an
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Abstract: Traumatic hip dislocation is a rare injury in pediatric populations. Dislocation may be
associated with low-energy trauma, such as a minor fall. Traumatic hip dislocation is associated
with severe complications, such as avascular necrosis of the femoral head. Timely diagnosis and
reposition decrease the rate of complications. In this study we retrospectively assessed traumatic hip
dislocations in pediatric patients during a 10-year timespan in a university hospital. There were eight
cases of traumatic hip dislocations. All patients had a minimum follow-up of two years and were
followed with MRI scans. One patient developed avascular necrosis during the follow-up which
resolved conservatively. There were no other significant complications. In conclusion, traumatic hip
dislocation is a rare injury which is associated with severe complications. Patients in our case series
underwent a timely reposition. The complication rate was similar to previous reports.

Keywords: hip dislocation; pediatric trauma; pediatric injury; avascular necrosis

1. Introduction

Traumatic hip dislocation is a rare injury among the pediatric population. Patients
over 10 years of age typically require a major traumatic event for dislocation [1]. However,
in younger children the dislocation may occur from a minor trauma as the traumatic
energy required for hip dislocation increases with age [2–4]. Posterior dislocation is the
most common type of injury, making up approximately 95% of traumatic dislocations [2].
Typical characteristics of posterior dislocation are adduction, flexion, internal rotation,
and shortening of the dislocated limb [5]. Associated injuries increase with age and
higher energy trauma. Associated acetabular and femoral fractures are uncommon in
pediatric patients.

Closed reduction under moderate conscious anesthesia can be used in adolescent pa-
tients. Reduction is usually easy to achieve, but interfering fragments originating from the
hip joint structures may prevent concentric reduction. In young children, a closed reduction
in an operating room with readiness to convert to open reduction is recommendable [5]. If
the operating room is unavailable, closed reduction should be performed in the emergency
department. The successful reduction should be confirmed using fluoroscopy [6]. Widening
of the injured joint space indicates unsuccessful reduction. If a congruent and stable hip
joint is not achieved using the closed reduction, an open reduction is needed. After suc-
cessful reduction, immobilization with a hip spica cast is recommended for children under
10 years. Protected weight bearing for 6–8 weeks is recommended for older patients [3].

Avascular necrosis (AVN) is the feared complication of hip dislocation. The only
statistically proven risk factor is delay between dislocation and reduction. If the delay is
greater than 6 h, the risk of avascular necrosis is increased 20-fold [2,3,6]. Reduction may
happen spontaneously, especially in young children [3]. Magnetic resonance imaging (MRI)
during the primary care is warranted for patients with suspected spontaneously reduction
or with signs of unsuccessful reduction to assess soft tissue entrapments not visible on
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radiographs [7]. As AVN may develop up to two years after the injury, follow-up clinical
surveillance and control MRIs are warranted.

In this study, we describe a patient series from a tertiary university hospital during a
ten-year period. We also present a narrative literature review with an emphasis on primary
complications and complications during extended follow-up after traumatic hip dislocation
in pediatric patients.

2. Materials and Methods

Institutional review board permission was obtained for the study. A consecutive
case series of acute, traumatic hip dislocations in skeletally immature patients between
1 January 2009 and 31 December 2019 treated in the pediatric orthopedic department of
Turku University Hospital, Finland were reviewed retrospectively. A retrospective cohort
of patients was collected using the International Classification of Diseases (ICD) code for
hip dislocation (S73) to identify the cases from the patient charts of our center. Inclusion
criteria were the correct diagnosis of traumatic hip dislocation, skeletally immaturity,
minimum of two years of follow-up, and adequate clinical and radiographic information.
Non-traumatic dislocations were excluded from the study. No patients with traumatic
dislocations were excluded.

Patient characteristics and the etiology of the injury were collected from the patient
charts. Approximate time from injury to reduction was assessed. Associated injuries and
successful reduction were assessed from radiographs. MRIs taken during the follow-up
were evaluated. Complications were assessed during the follow-up. The mechanism of
injury was defined as high energy if it was because of a motor-vehicle accident or a fall
from a height of more than 3 m (10 feet). A low-energy injury was defined as a typical play
activity or fall from a height of less than 3 m (10 feet) [8].

3. Results

During the study period, eight patients treated for traumatic hip dislocation were
identified. Four patients were male and four female. The mean age at the time of the injury
was 11.7 years (range from 4.4 to 16 years). Three patients had a dislocation after a low
energy trauma. Two of these patients were aged four years, and one patient was seven
years at the time of the accident. Five patients had a hip dislocation after a high energy
trauma. These patients were 14 to 16 years old. Six patients had posterior and two had
anterior dislocations. The detailed descriptions of the patients and accidents are presented
in Table 1.

Three patients over 10-years old had associated fractures. One patient had a Hill–
Sachs lesion of the femoral head with loose extra-articular osteochondral fragment at the
caput–collum border. This patient had an anterior dislocation of the femoral head. Two
patients had acetabulum fractures as an associated injury. In one of these patients, an
MRI showed a posterocranial fracture of the acetabulum with a 7 mm lateral dislocation
between acetabulum and ramus. In another patient, a caudal acetabulum fracture was
observed with a 25 mm × 13 mm sized dislocated fragment. These fractures were treated
conservatively. None of the patients developed complications during the follow-up. There
were no recurrent dislocations.

The mean time to reduction was approximately 3 h (range from 2 to 5 h). During
the follow-ups, there were no radiological or clinical evidence of growth disturbances,
heterotrophic ossification, early epiphysis closure, or post-traumatic arthritis. None of the
patients had abnormal neurological or vascular findings in the lower extremity. None of
the patients required surgical intervention for reduction or associated injuries.

The mean duration of the follow-up was 7.9 years (range from 4.1 to 9.8 years). One
patient presented with bone edema and flattening of the caput indicating AVN at 4 weeks
after the injury (Patient 7 in Table 1). Time to successful reduction in this patient was five
hours. The patient was treated conservatively with a 6-month weight bearing prohibition.
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AVN was resolved at 6 months MRI control and the patient was asymptomatic in the
clinical examination.

Table 1. Clinical characteristics and etiology of the injuries.

ID
Age at
Injury
(Years)

Follow-Up
(Years)

Approximate
Time to

Reduction
(Hours)

Sex Description of the Accident Type of
Dislocation Associated Injuries

1 15.5 12.0 3.5 Male Motocross injury, fell after
jump and landed on the hip Anterior

Hill–Sachs lesion of the
femoral head, loose

extra-articular
osteochondral fragment at
the caput–collum border

2 15.4 10.6 2.0 Female Fell with a moped Posterior

3 14.9 10.1 5.0 Male Downhill skiing injury, fell on
the hip after a jump Posterior

4 7.3 8.7 2.3 Female Fell on a trampoline Anterior

5 16.0 6.2 unknown Male Downhill skiing injury, fell on
the hip after a jump Posterior

Radiograph showed 6 mm
fragment next to caput.

MRI showed posterocranial
acetabulum fracture. 7 mm
lateral dislocation between

acetabulum and ramus.

6 15.8 5.9 2.0 Male Motocross bike collided
with patient Posterior

Caudal acetabulum
fracture, 25 mm × 13 mm

dislocated fragment.

7 4.6 5.7 3.0 Female
Landed with the hip on

abduction on a
bouncing castle

Posterior

8 4.4 4.0 3.0 Female Sledge collision with an adult Posterior

4. Discussion

Several studies in recent history have studied the epidemiology, mechanism of injury,
clinical presentation, diagnosis, and treatment of the traumatic hip dislocation in a pediatric
population. The findings of our study are consistent with the results of the previous
research. Traumatic hip dislocation in the pediatric population is an uncommon injury
that requires timely diagnosis and intervention. Due to low traumatic energy or untypical
etiology, pediatric hip dislocation may go unnoticed [9,10]. Special caution is needed with
unconscious patients in whom the ambulatory status is unknown.

Traumatic posterior hip dislocation in children often presents with the classic lower
limb deformity. The hip is in flexion, adduction, and internal rotation. The involved
limb appears shorter than the contralateral limb and the femoral head can be palpated
posteriorly. Radiographs should be obtained without delay after adequate pain medication.
The presence of another fracture or injury can divert attention from hip dislocation and
delay the diagnosis. The dislocation of the femoral head can be anterior or posterior. Similar
to adult patients, the majority of hip dislocations are posterior [11]. Bilateral dislocations
have been reported in the literature but are exceptional [12]. A prompt closed reduction
with the patient under suitable anesthesia and analgesia is considered to be appropriate
treatment. Closed reduction is usually accomplished via traction in line with the deformity.
In cases in which the diagnosis of hip dislocation is delayed, some studies suggest a short
period of skeletal traction after the successful reduction until pain is improved. However,
the advantage of this in order to achieve easier reduction has been compromised [10].

The traumatic energy required for a traumatic hip dislocation increases with age [1,5,6].
This was also seen in our patient sample as patients younger than 10 years had minor
traumatic events in contrast to adolescents, who all had high-energy trauma. When
compared to adult patients, associated fractures are rare in pediatric patients after traumatic
hip dislocation. Large posterior wall fractures or fractures with articular surface dislocation
require internal fixation to prevent hip instability.
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Radiographic assessment by anteroposterior, oblique, and lateral imaging of the pelvis
is crucial before and after reduction. Plain radiographs and CT scans may not adequately
show acetabulum fractures in young children due to unossified bone. In these patients
an MRI is warranted [7,13,14]. MRIs also provides information on soft-tissue injuries,
including labral and capsular tears along with cartilage and muscular injuries [7]. Widening
of the articular space in radiographs can be caused by entrapment of soft-tissue and requires
imaging with an MRI. Archer et al. reported a patient with unrecognized physeal injury in
whom the attempted closed reduction resulted in a hip fracture requiring open reduction
and internal fixation [5]. When any uncertainties exist regarding hip joint congruency, a CT
or MRI scan should be performed to identify intra-articular bone fragments or interposed
soft tissue. Concerning the additional injuries connected with traumatic hip dislocation in
pediatric patients, an acetabular fracture can be underestimated with radiographs and CT
scans [13].

In our patients, no severe complications occurred during the follow-up. One 4.6-year-
old patient presented with AVN after a posterior dislocation after landing with the hip on
abduction and flexion on a bouncing castle. Dislocation was reduced after approximately
five hours from the injury with a closed reposition in the operating room after which the
patient was fitted with a spica cast. AVN was discovered in a routine MRI scan at four
weeks after the injury. After the imaging finding, the patient was assigned to non-weight
bearing for six months. AVN resolved during the follow-up at six months and patient
returned to normal activities without difficulties.

Reduction in the dislocated joint restores the normal blood flow to the femoral head.
The risk of osteonecrosis is substantial and may occur in up to one-third of dislocations,
depending on the severity of injury. AVN of the femoral head is the most feared and
frequent serious complication related to traumatic hip dislocation. Symptoms of AVN
include painless limp, pain, and restricted movement. The incidence of AVN in children
younger than 18 years is reported to be 3% to 15% after an isolated hip dislocation [15,16].
AVN is caused when the arterial perforation is disturbed. Precise pathological process of
the AVN remains unclear. In a cadaver study, Chung demonstrated incomplete anastomotic
and transepiphyseal vessels in skeletally immature patients [17]. Undeveloped anastomotic
perforation exposes the femoral head to ischemia during the dislocation [2,17]. AVN may
lead to severe disability and need for a hip replacement. Evidence at present indicates
an association between late hip reduction and higher rate of osteonecrosis of the femoral
head in all traumatic hip dislocations [18]. Hence, all traumatic hip dislocations should be
reduced as soon as possible to decrease the rate of osteonecrosis of the femoral head. When
a traumatic hip dislocation is associated with femoral epiphysiolysis, the risk increases to
100% [19,20]. Because of the risk of AVN, patients should be routinely followed with MRI
scans. In our study, timely reduction was achieved in all the patients and the patients were
adequately followed after the dislocation.

Primary neurologic complications associated with pediatric hip dislocations are rare,
presumably due to the low traumatic energy typical to these injuries. The peroneal branch
of the sciatic nerve is the most likely peripheral nerve to be injured. Sciatic nerve injuries are
reported in the literature with an incidence rate of approximately 5% [21]. Nerve injuries
associated with traumatic hip dislocations are usually a neurapraxias and symptoms are
most often transitory. The peroneal nerves are most commonly affected. Pre- and post-
reductive neurovascular status should always be examined. In our patient series, no
neurologic complications occurred. Other uncommon complications of the traumatic hip
dislocation in pediatric patients include recurrent dislocation, heterotrophic ossification,
and development of coxa magna. Recurrent dislocation may be associated with a defect
in the capsule or attenuation of the hip capsule without a tear. Acute redislocation, which
occurs soon after reduction, implies that the reduction was not congruent and additional
investigation with a CT scan is indicated with probable open exploration [11]. Proximal
femoral head displacement (epiphyseolysis) during reduction in hip dislocation has been
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reported in the literature [19]. The possibility of physeal fracture should be kept in mind in
traumatic hip dislocation occurring in children and adolescents with an open physis.

The development of the complications in traumatic hip dislocation can be delayed
several years. Older studies before follow-up with MRIs have reported avascular necrosis
after three years of the injury [22]. Patients should be subjected to long-term follow-up.

Neglected or untreated traumatic hip dislocations are rare. There are few reports on
neglected traumatic dislocation. Although previous studies and case reports have presented
a wide variety of treatment, the optimal management remains unclear. At a time-interval
between injury and reduction procedure beyond 3–4 weeks, a reductional operation should
be performed [16,23]. Even if the open reduction is delayed, it may prevent deformity, and
will maintain the length of the lower extremity [24]. Regarding the surgical technique, it
has been proposed that the surgeon should release the adductor longus, lengthen the psoas
tendon, and insert a K-wire [16]. As mentioned, the traumatic hip dislocation in children
is, in majority of the patients, an isolated injury, without a concurrent acetabular fracture.
Therefore, the surgical technique should be chosen so that the operation does not further
compromise the articular cartilage or the vascular structures of the femoral head.

No study to date has been able to define the type of rest required or the length of
time for which it should be applied and there is no evidence that this affects the long-term
outcome. Early gentle range of motion and patient mobilization should be instituted.
Under the age of 10 years, immobilization with a spica cast for 4 weeks, along with suitable
rehabilitation is particularly important for the healing of surrounding soft tissues to make
the joint become stable [1]. Yuksel et al. suggest that the non-weight bearing interval of
4 weeks and partial weight bearing after 6 weeks are appropriate periods to let the soft
tissue heal [6]. According to Sahin et al., neither the type of the treatment (post-reduction
traction or bed rest) nor the time from injury to full-weight bearing influenced outcomes
significantly [25].

The small sample size of our patient series prevented us from performing statistical
analyses. Most prior reports on traumatic hip dislocations in pediatric patients are case
reports or small case series. We report a modern single center case series with extensive
follow-up with routinely taken MRI scans.

5. Conclusions

Traumatic hip dislocation is a rare injury in pediatric patients and is often associated
with low-energy trauma. Adequate diagnosis and repositioning prevent complications,
such as avascular necrosis of the femoral head. Radiographs should be obtained when a
pediatric patient is unambulatory after a traumatic event, such as a fall. A shortened leg
held in adduction and internal rotation should prompt the emergency physician to consider
ordering radiographs and provide analgesia for the child. Primary MRI scans might be
warranted to exclude associated injuries. During follow-up, MRI scans should be routinely
taken to rule out avascular necrosis. The possibility of other associated injuries should be
taken into account, especially in the patients with high-energy trauma. With appropriate
management, most children with traumatic hip dislocation treated promptly with closed
reduction will have an excellent outcome.
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Abstract: Introduction: This study systematically reviews and updates the current evidence on the
outcomes of medial patellofemoral ligament (MPFL) reconstruction using autografts in children and
adolescents with recurrent patellofemoral instability. The outcomes of interest were improvements in
patient reported outcomes measures (PROMs), return to sport rates, and the rates of surgical failure.
Methods: This systematic review was performed according to the 2020 PRISMA guidelines. The
following electronic databases were accessed in October 2022: PubMed, Scopus, Web of Science.
All the clinical studies which investigated the outcomes of MPFL reconstruction using autografts
in children and adolescents with recurrent patellofemoral instability were accessed. Only studies
which included patients younger than 18 years were considered. Techniques, case reports, guidelines,
comments, editorials, letters, protocols, reviews, and meta-analyses were excluded. Studies which
included patients with congenital or acute patellofemoral instability were not eligible, nor were
those which focused exclusively on hyperlaxity. Results: Data from 477 patients (510 procedures)
were retrieved. Of the patients, 41% (196 of 477) were women. The mean length of follow-up was
33.7 ± 28.8 months. The mean age of the patients was 14.6 ± 1.6 years. At the last follow-up, all
PROMs of interest were statistically improved. The mean time to return to sport was 6.1 ± 1.1 months.
Of the patients, 27% reduced their level of activity after surgical stabilization. A total of 87% of
patients returned to practice sport. A total of 5% (26 of 477) and 2% (9 of 363) of patients experienced
further dislocations and subluxations, respectively, during the follow-up period. Moreover, 4% (16
of 403) of patients underwent a further surgical procedure for patellofemoral instability within the
follow-up period. Conclusion: MPFL reconstruction using autografts is effective in children and
adolescents with recurrent patellofemoral instability.

Keywords: patellofemoral instability; recurrent; MPFL; autografts; return to sport

1. Introduction

Recurrent instability of the patella (RPI) is a multifactorial condition, which is challeng-
ing to manage particularly in skeletally immature patients [1–3]. Risk factors associated
with RPI are patellar height, patellar and trochlea dysplasia, rotational and coronal malalign-
ment, malalignment of the extensor mechanism, and injuries to the medial patellofemoral
ligament (MPFL) [4,5]. The understanding of RPI has increased significantly over the
last few years. RPI is a common knee injury, which occurs with an estimated incidence
between 14 and 148/100,000 individuals per year, mostly in adolescents and children [6,7].
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In most patients suffering their first traumatic patellar dislocation, a tear of the MPFL
occurs, which is the primary stabilizer of the patella during knee flexion from 0–30◦ against
lateral displacement [8–10]. The attachment of the MPFL to the upper third of the medial
patella is quite variable in children [11–13].

Multiple techniques to surgically manage RPI in children and young adolescents have
been described, with a special emphasis on MPFL reconstruction, as distal bony alignment
procedures are contraindicated [14,15]. In MPFL reconstruction, a hamstring tendon graft
is commonly harvested and fixed to the medial patella and femur [16]. However, fixation
of the tendon graft in children and adolescents leads to a high patella fracture risk and
high risk of interference with the femoral growth plate, which has led to a modification of
the original technique in this population [17,18]. Given these circumstances, most MPFL
reconstruction techniques described in immature patients are non-anatomical [19,20]. The
clinical results are however encouraging.

MPFL reconstruction in adults has shown good clinical outcomes; however, in patients
with open physes, clinical outcomes are less predictable [21–23]. Recently, many studies
have been published, leading to the need of an updated review on MPFL reconstruction
in children and adolescents. This study systematically reviews and updates the currently
available evidence on the outcomes of autograft MPFL reconstruction in immature patients
with recurrent patellofemoral instability. The outcomes of interest were improvements
in patient reported outcomes measures (PROMs), return to sport rates, and the rates of
surgical failure.

2. Materials and Methods
2.1. Eligibility Criteria

All the clinical studies which investigated the outcomes of MPFL reconstruction using
autografts in children and adolescents affected by recurrent patellofemoral instability were
accessed. Only articles in Italian, English, German, Spanish, and French were eligible. Stud-
ies with a level of evidence of I to III, according to the Oxford Centre of Evidence-Based
Medicine [24], were included. Studies which included only patients younger than 18 years
were considered. Guidelines, case reports, comments, letters, reviews, editorials, and proto-
cols were not considered. Studies which performed MPFL reconstruction using synthetic
or allografts were excluded. Studies which investigated patients with congenital or acute
patellofemoral instability were not eligible, nor were those which focused exclusively on
patients with hyperlaxity. Missing quantitative information on the endpoints of interest
warranted exclusion from this investigation.

2.2. Search Strategy

This systematic review was performed according to the 2020 PRISMA guidelines [25].
The PICO algorithm was followed:

• P (pathology): recurrent patellofemoral instability;
• I (intervention): MPFL reconstruction;
• C (comparison): children and adolescents;
• O (outcomes): PROMs, return to sport rates, rates of complications.

Two authors (F.M. and A.B.) independently conducted the literature search in PubMed,
Scopus, and Web of Science. The databases were accessed in October 2022. The following
keywords were used with the Boolean operators AND/OR: (patellofemoral) AND (instability
OR luxation OR dislocation) AND (open physeal OR adolescent OR young OR children OR
skeletally immature) AND (MPFL OR medial patellofemoral ligament) AND (reconstruction OR
surgery). Titles and abstracts resulting from the initial literature search were inspected by
hand. The full texts and bibliographies of the articles of interest were accessed by hand by
the same authors.
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2.3. Data Extraction

Two investigators (F.M. and A.B.) independently performed data extraction. Gener-
alities of the included studies (author, year, journal of publication, level of evidence [24],
and the length of follow-up) were retrieved. Data regarding patient demographics were
also collected, including mean age, gender, number of patients and knees, type of autograft.
The baseline and last follow-up PROMs were retrieved using the Kujala Anterior Knee
Pain Scale [26] and the Lysholm Knee Scoring Scale [27]. The rate, time, and level of the
return to sport were retrieved. Data on the rates of further dislocations, subluxations, and
reoperations for patellofemoral instability were also collected. The minimum clinically
important difference (MCID) for the Lysholm score was 10/100 [28–30].

2.4. Statistical Analysis

Statistical analysis was conducted by the main author (F.M.) using IBM SPSS Software
version 25. The arithmetic mean and standard deviation were used for representative
statistics. The mean difference (MD) effect measure was used to evaluate the improvements
in PROMs from the baseline to the last follow-up. Standard error (SE), t-values, and 95%
confidence intervals (CI) were also evaluated. The paired t-test was performed, with values
of p < 0.05 considered statistically significant.

3. Results
3.1. Search Result

The literature search resulted in 1239 articles. Of them, 509 were duplicates. A further
712 studies were excluded as they did not match the eligibility criteria: not matching
the topic (n = 394), study type and design (n = 238), congenital or acute patellofemoral
instability (n = 42), not using autografts (n = 31), language limitation (n = 4), and exclusive
focus on hyperlaxity (n = 3). A further three studies were excluded as they did not report
quantitative data on the outcomes of interest. The flowchart of this literature search is
shown in Figure 1.
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3.2. Demographic Data and Surgical Procedures

Data from 477 patients (510 procedures) were retrieved. Of the included patients, 41%
(196 of 477) were females. The mean length of follow-up was 33.7 ± 28.8 months. The mean
age of the patients was 14.6 ± 1.6 years. The demographics of the included patients are
shown in Table 1.

Table 1. Baseline patient demographics (LoE: level of evidence).

Author and Year Journal LoE Mean
Age

Follow-Up
(Months)

Women
(n)

Patients
(n)

Procedures
(n) Graft

Brown et al.,
2008 [31] J Knee Surg III 11.0 14.0 1 2 2 Semitendinosus

Drez et al.,
2001 [32] Arthroscopy IV 16.8 31.5 10 15 15

Ileotibial Band
Semidendinosus,

Hamstring
Fabricant et al.,

2014 [33] Knee IV 14.9 3.0 5 27 27 Hamstring

Kumahashi et al.,
2012 [34] Arch Orthop Trauma Surg IV 13.6 27.8 5 8 5 Semitendinosus

Lind et al.,
2016 [19]

Knee Surg Sports
Traumatol Arthrosc III 12.5 39.0 9 20 20 Gracilis

Machado et al.,
2017 [35] Porto Biomed J II 15.9 116.4 24 35 35 Gracilis

Malecki et al.,
2015 [36] Int Orthop III 16.0 31.0 8 28 32 Adductor

Magnus
Matuszewski et al.,

2018 [37] Arthroscopy III 15.0 24.0 7 22 22 Gracilis

Nelitz et al.,
2013 [38] Am J Sports Med IV 12.2 30.0 15 21 21 Gracilis

Nelitz et al.,
2017 [39]

Knee Surg Sports
Traumatol Arthrosc III 12.8 31.5 9 25 25 Quadriceps

Parikh et al.,
2013 [40] Am J Sports Med III 14.5 16.2 63 154 179 Gracilis

Pesenti et al.,
2018 [41] Int Orthop IV 13.8 41.1 6 25 27 Gracilis,

Semitenidnosus
Roger et al.,

2019 [42] Orthop Traumatol Surg Res II 14.6 38.7 7 18 18 Gracilis

Saper et al.,
2019 [43] Orthop J Sport Med IV 14.9 7.4 8 28 28 Hamstring, Not

Specified
Uppstrom, et al.,

2019 [44]
Knee Surg Sports

Traumatol Arthrosc IV 13.3 28.8 19 49 54 Hamstring

3.3. Clinical Outcomes

At the last follow-up, all PROMs of interest were statistically improved (Table 2).

Table 2. Results of PROMs (FU: follow-up; MD: mean difference; SE: standard error; CI: confi-
dence interval).

Endpoint At Baseline At Last FU MD SE 95% CI T p

Kujala 62.0 ± 9.3 88.2 ± 8.8 26.2 0.59 25.05 to 27.35 44.69 <0.0001
Lysholm 55.3 ± 12.4 91.9 ± 3.8 36.6 0.59 35.44 to 37.77 61.63 <0.0001

3.4. Return to Sport

The mean time to return to sport was 6.1 ± 1.1 months. Of the included patients 27%
had reduced their level of activity, while 87% returned to their previous level of sport.

3.5. Complications

Of the included patients, 5% (26 of 477) and 2% (9 of 363) experienced further disloca-
tions and subluxations, respectively, during the follow-up period. Moreover, 4% (16 of 403)
of patients underwent a further surgical procedure for patellofemoral instability within the
follow-up period.
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4. Discussion

Autograft MPFL reconstruction in children and adolescents with RPI is safe and
effective, resulting in significant enhancements in clinical outcomes and low complication
rates. A total of 87% of all patients were able to return to the pre-injury level of sport
at approximately six months postoperatively. The rates of further patellar dislocations
and subluxations were 5% and 2%, respectively. A total of 4% of all included patients
underwent a further surgical procedure for RPI.

The overall quality of the 15 included studies with 477 patients was low, with the
majority of the studies having a level of evidence of III to IV. This is surprising because
patellar dislocations are frequent [45], and, therefore, further randomized controlled clinical
trials are necessary to be able to better treat and inform patients with RPI.

The mean age of the included patients was 14.6 years, which is similar to previous
studies, where they ranged from 12.5 to 14.28 years [19,46,47]. Females between the ages
of 10 to 17 years are at the highest risk for patellar dislocation; however, the majority
(59%) of the patients included here were males [6,48], which is in contrast to the studies
of D’Ambrosi et al. and Lind et al. where they accounted for 36.5% and 45% of patients,
respectively [19,46]. Of the patients, 87% returned to the same level of sport as preopera-
tively, while 27% had to reduce their level of sport following MPFL reconstruction. These
findings confirm the results of Fisher et al., who used a quadriceps turndown technique
with 94% of patients returning to a pre-injury level of sport [49]. Liu et al. found, in a
retrospective study, that 94.5% of patients were able to return to sport at one year, with only
74% returning to the same level of play [50], with similar results found by Nelitz et al. [39].
RPI frequently occurs in the years near the transition to skeletal maturity; hence, most of
the available literature focuses on the management of RPI in late adolescents and young
adults [51]. Previously, multiple different strategies for the management of RPI have been
described, including distal realignments (e.g., the Roux-Goldthwait, the Nietosvaara tech-
nique, and patellar tendon transfer), proximal realignments (e.g., MPFL reconstruction
and lateral retinaculum release), or combined procedures [52–55]. The main goal of these
procedures is to stabilize the patella against lateralizing forces without compromising open
growth plates.

MPFL reconstruction in skeletally immature patients leads to a total rate of recurrent
instability of 7%, including 5% for dislocations and 2% for subluxations. A recent review by
Panni et al. found a rate of recurrent instability of 15% [47], while D´Ambrosi et al. found a
recurrence rate of 5% [46]. In 2019, Wilkens et al. found a recurrence rate of patella-femoral
instability of 13.8% after MPFL reconstruction, which was not different after other soft
tissue procedures [56]. Overall, MPFL reconstruction in this population seems to be a safe
procedure, as evidenced by the present investigation. This was confirmed by Nelitz et al.
and Ladenhauf et al., who demonstrated good clinical outcomes with low postoperative
dislocation rates [38,57].

In the current literature, there is some heterogeneity regarding the indications for
MPFL reconstruction in children and adolescents with RPI, which must be kept in mind
when analyzing the results of the present systematic review. Conservative management
for first-time patella dislocations without an osteochondral injury is common; however, if
after an initial trial of conservative management patients remain symptomatic or another
dislocation occurs, surgical treatment should be considered. In patients with risk factors
for RPI, such as trochlear and patellar dysplasia, patella alta, femoral anteversion, and
increased TT-TG distances, the recurrent instability rates can be as high as 70%, and, there-
fore, earlier surgical intervention could be necessary [58]. There is also great heterogeneity
in the current literature regarding graft fixation techniques using anchors, interference
screws, or hardware free techniques [52,59], which makes it challenging to compare the
outcomes of MPFL reconstruction. Further, there exist differences in terms of graft choice,
e.g., autologous versus allograft, synthetic grafts, or type of graft bundle [60,61], and it
must be noted that there is no agreement on the ideal graft type for this surgery.
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This systematic review presents several limitations that need to be addressed. The dif-
ferent individual risk factors for patellofemoral instability were not considered separately.
Furthermore, some in-between heterogeneities in the studies are evident. Most studies
used a gracilis tendon autograft for MPFL reconstruction [19,35,37,38,40,41]. Fewer authors
used the semitendinosus tendon autograft [31,32,34,41] or hamstring tendons [32,43,44]. In
a previous systematic review on MPFL reconstruction in adults, the use of semitendinosus
autograft achieved greater PROMs and range of motion along with a lower rate of compli-
cations compared to the gracilis tendon autograft [62]. Adductor magnus, iliotibial band,
and quadriceps tendon autografts were less commonly used [32,36,39]. Most authors did
not clearly state whether the type of graft bundle was a single or double bundle or whether
MPFL reconstruction was combined with other realignment procedures. The lateral reti-
naculum release was the most commonly combined procedure [32,34,36,42–44], which
was followed by tibial tuberosity transfer [36,42,43]. Chondral or meniscal procedures,
tracheoplasties, and loose body removal procedures were less common [42,44]. Moreover,
additional minor heterogeneities were found in the surgical fixation of autografts on the
patellar side (anchor or tunnel techniques). However, given the limited and heterogeneous
available data for inclusion, further subgroup analyses were not possible. As mentioned
previously, there are some limitations in terms of the methodological quality of the included
studies, with most studies being a retrospective cases series with a low level of evidence.
Short to midterm follow-up may be sufficient for the assessment of patellar stability; how-
ever, longer follow-up is needed to reveal cases of physeal arrest or patellofemoral arthritis
secondary to graft overtightening.

5. Conclusions

Autograft MPFL reconstruction in immature patients with RPI is a viable treatment
option with significant clinical improvements and low complication and redislocation rates.
However, further high-quality studies are needed to determine the optimal graft choice
and fixation method for this challenging patient population.
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Abstract: This study aims to develop multipliers for the spine and sitting height to predict sitting
height at maturity. With the aid of longitudinal and cross-sectional clinical databases, we divided
the total sitting height, cervical, thoracic, and lumbar lengths at skeletal maturity by these same
four factors at each age for each percentile given. A series of comparisons were then carried out
between the multipliers as well as the percentiles and the varied racial and ethnic groups within them.
Regarding sitting height, there was little variability and correlated with the multipliers calculated
for the thoracic and lumbar spine. The multiplier method has demonstrated accuracy that is not
influenced by generation, percentile, race, and ethnicity. This multiplier can be used to anticipate
mature sitting height, the heights of the thoracic, cervical, and lumbar spine, as well as the lack of
spinal growth after spinal fusion surgery in skeletally immature individuals.

Keywords: lumbar spine; skeletal maturity height; spine growth prediction; thoracic spine

1. Introduction

Volumetric growth and ossification of the spine is a remarkably long and slow pro-cess
that starts around the third month of prenatal life and continues until the second decade
of life. Spine deformity, especially in early life, can negatively affect a growing spine as
asymmetric forces act upon the vertebral column’s growth plates. Spinal growth involves
more than 130 growth plates that work in synchronicity. Because sitting height is a major
component of spinal growth it provides a good parameter to observe and evaluate the
progression of spinal growth [1].

Knowledge of spinal growth is of interest to spinal surgeons due to the nature of
treating spine-related disorders where the growth ratios between remaining and elapsed
growth are important parameters for surgical planning. Paley et al. [2] devised the multi-
plier method, a method of limb-length discrepancy and growth prediction. This method
uses simple growth coefficients (also known as multipliers) to provide accurate predic-
tions of limb length at maturity [3,4]. Spine growth, however, is a dynamic process and
does not progress linearly; rather, it consists of periods of acceleration and subsequent
de-celeration [1]. Hence, the multipliers do not isolate the growth spurt that occurs during
adolescence and the growth that remains is a deciding factor for the intensifying of spinal
deformities such as congenital scoliosis, kyphoscoliosis, and angular thoracolumbar ky-
phosis in patients with achondroplasia.

Sitting height consists of pelvic height, spine height, and skull height, and therefore
serves as a capable tool for predicting spinal growth at maturity [5–7]. The known pub-
lished data assessing spinal growth based on sitting-height measurements either focuses
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mostly on one social class or ethnic group or does not stratify by age or sex. We intended to
consolidate the databases that assess sitting height and develop multipliers that predict
sitting height to aid in spine deformity correction.

2. Materials and Methods

We calculated and compared the multipliers for different percentiles of 16 databases
with sitting-height measurement data [1,5–18]. Fredriks et al. provided the most compre-
hensive assessment of spinal growth for each percentile group at each age [9]. At each
age and percentile group, we divided the sitting height at skeletal maturity (Lm) by the
corre-sponding sitting height at each given age (L): (M = Lm/L). We compared these
multipliers (M) for each percentile group at each age. In addition, we calculated multipliers
from two radiographic databases that contained measurements of the lumbar, thoracic, and
cervical spine segments. These were largely obtained from standing or sitting radiographs.
The databases provided measurements for a range of ages and included measurements
ob-tained until subjects achieved skeletal maturity.

All data were tabulated using spreadsheet software (Excel; Microsoft, Redmond, WA,
USA) with the aid of a statistical program (SPSS; IBM, Armonk, NY, USA). A series of
polynomial regression analyses were used to evaluate the correlation between mean values
in each of the databases using Fredriks et al.’s data as the “gold standard” database due
to its inclusion of important variables such as age, ethnicity, and congenital variations.
The mean sitting height that was reported for each age and stratified by sex in each of the
databases was compared with the mean sitting height and the previously described SDs.

3. Results

We found that in Fredriks et al.’s database [9], the multipliers for each SD (−2.5 SD,
−1 SD, 0 SD, +1 SD, +2.5 SD) at each given age for both males and females (mean
variability ±0.065; maximum variability ±0.372) were similar. We also found that the
variability between the multipliers was highest at birth, and generally decreased as age
increased (Figures 1 and 2).

Children 2022, 9, x FOR PEER REVIEW 2 of 10 
 

 

Sitting height consists of pelvic height, spine height, and skull height, and therefore 
serves as a capable tool for predicting spinal growth at maturity [5–7]. The known pub-
lished data assessing spinal growth based on sitting-height measurements either focuses 
mostly on one social class or ethnic group or does not stratify by age or sex. We intended 
to consolidate the databases that assess sitting height and develop multipliers that predict 
sitting height to aid in spine deformity correction. 

2. Materials and Methods 
We calculated and compared the multipliers for different percentiles of 16 databases 

with sitting-height measurement data [1,5–18]. Fredriks et al. provided the most compre-
hensive assessment of spinal growth for each percentile group at each age [9]. At each age 
and percentile group, we divided the sitting height at skeletal maturity (Lm) by the corre-
sponding sitting height at each given age (L): (M = Lm/L). We compared these multipliers 
(M) for each percentile group at each age. In addition, we calculated multipliers from two 
radiographic databases that contained measurements of the lumbar, thoracic, and cervical 
spine segments. These were largely obtained from standing or sitting radiographs. The 
databases provided measurements for a range of ages and included measurements ob-
tained until subjects achieved skeletal maturity.  

All data were tabulated using spreadsheet software (Excel; Microsoft, Redmond, 
WA) with the aid of a statistical program (SPSS; IBM, Armonk, NY, USA). A series of 
polynomial regression analyses were used to evaluate the correlation between mean val-
ues in each of the databases using Fredriks et al’s data as the “gold standard” database 
due to its inclusion of important variables such as age, ethnicity, and congenital variations. 
The mean sitting height that was reported for each age and stratified by sex in each of the 
databases was compared with the mean sitting height and the previously described SDs. 

3. Results 
We found that in Fredriks et al’s database [9], the multipliers for each SD (−2.5 SD, −1 

SD, 0 SD, +1 SD, +2.5 SD) at each given age for both males and females (mean variability 
±0.065; maximum variability ±0.372) were similar. We also found that the variability be-
tween the multipliers was highest at birth, and generally decreased as age increased (Fig-
ures 1 and 2). 

 
Figure 1. Mean and standard deviation for the female sitting height multiplier were calculated 
using data from Fredriks et al. [9]. 
Figure 1. Mean and standard deviation for the female sitting height multiplier were calculated using
data from Fredriks et al. [9].

We then compared the mean multipliers of sitting height to the multipliers for the
cervical, thoracic, and lumbar segments of the spine. The multipliers of the thoracic and
lumbar segments were nearly identical to those of sitting height (mean variability ±0.012;
max variability ±0.043). The cervical multipliers, however, were substantially higher than
those calculated from sitting height. The cervical multipliers are virtually identical to
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upper-extremity multipliers (mean variability ±0.0489; max variability ±0.060) [2]. See
Figure 3 for a detailed comparison of all multipliers.
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To diversify our data and ensure accuracy, we incorporated sitting heights from
various continents and countries into our research. Zivicnjak et al. [13] published a cross-
sectional study documenting the growth of 5155 (2591 female and 2564 male) Croatian
children. The subjects were selected from various schools and kindergartens within the
town of Zagreb to represent the entire socioeconomic spectrum. The multipliers calculated
from Zivicnjak et al.’s data were virtually identical to those calculated by Fredriks et al. [9].
Pathmanathan and Prakash [14] also conducted a cross-sectional survey of northwestern
Indian children. They measured the sitting height, leg length, and weight in 668 children
(327 females and 341 males) between ages 6 and 16. Of the 668 children, 80% were measured
more than once yearly. The multipliers calculated from this study correlated closely with
those of Fredriks et al.

Our predicted multiplier method requires only a single measurement of sitting height
and a simple arithmetic operation (Figure 4) to predict sitting height at skeletal maturity
(Tables 1–3).

117



Children 2022, 9, 1763

Children 2022, 9, x FOR PEER REVIEW 4 of 10 
 

 

measured more than once yearly. The multipliers calculated from this study correlated 
closely with those of Fredriks et al. 

Our predicted multiplier method requires only a single measurement of sitting 
height and a simple arithmetic operation (Figure 4) to predict sitting height at skeletal 
maturity (Tables 1–3). 

 
Figure 4. Equation for spinal sitting height multiplier. M, age-specific multiplier; S, age-specific sit-
ting height. 

Table 1. Sitting height multiplier for 0 to 3 years of age. 

Age (Years + Months) Boys Girls Age (Years + Months) Boys Girls 
0 + 1 - - 3 + 1 1.688 1.611 
0 + 2 - - 3 + 2 1.681 1.603 
0 + 3 2.315 2.153 3 + 3 1.673 1.596 
0 + 4 2.165 2.052 3 + 4 1.666 1.589 
0 + 5 2.131 2.024 3 + 5 1.658 1.581 
0 + 6 2.096 1.995 3 + 6 1.651 1.574 
0 + 7 2.04 1.944 3 + 7 1.643 1.567 
0 + 8 2.006 1.916 3 + 8 1.635 1.559 
0 + 9 1.971 1.887 3 + 9 1.628 1.552 

0 + 10 1.968 1.839 3 + 10 1.62 1.545 
0 + 11 1.934 1.839 3 + 11 1.613 1.537 

1 1.899 1.81 4 1.605 1.53 
1 + 1 1.888 1.799 4 + 1 1.598 1.523 
1 + 2 1.877 1.788 4 + 2 1.591 1.516 
1 + 3 1.865 1.777 4 + 3 1.585 1.508 
1 + 4 1.854 1.765 4 + 4 1.578 1.501 
1 + 5 1.843 1.754 4 + 5 1.571 1.494 
1 + 6 1.832 1.743 4 + 6 1.564 1.487 
1 + 7 1.82 1.732 4 + 7 1.557 1.479 
1 + 8 1.809 1.721 4 + 8 1.55 1.472 
1 + 9 1.798 1.71 4 + 9 1.544 1.465 

1 + 10 1.787 1.698 4 + 10 1.537 1.458 
1 + 11 1.775 1.687 4 + 11 1.53 1.45 

2 1.764 1.676 5 1.523 1.443 
2 + 1 1.758 1.671 5 + 1 1.517 1.437 
2 + 2 1.753 1.666 5 + 2 1.512 1.431 
2 + 3 1.747 1.662 5 + 3 1.506 1.425 
2 + 4 1.741 1.657 5 + 4 1.5 1.419 
2 + 5 1.736 1.652 5 + 5 1.494 1.413 
2 + 6 1.73 1.647 5 + 6 1.489 1.408 
2 + 7 1.724 1.642 5 + 7 1.483 1.402 

Figure 4. Equation for spinal sitting height multiplier. M, age-specific multiplier; S, age-specific
sitting height.

Table 1. Sitting height multiplier for 0 to 3 years of age.

Age (Years + Months) Boys Girls Age (Years + Months) Boys Girls

0 + 1 - - 3 + 1 1.688 1.611
0 + 2 - - 3 + 2 1.681 1.603
0 + 3 2.315 2.153 3 + 3 1.673 1.596
0 + 4 2.165 2.052 3 + 4 1.666 1.589
0 + 5 2.131 2.024 3 + 5 1.658 1.581
0 + 6 2.096 1.995 3 + 6 1.651 1.574
0 + 7 2.04 1.944 3 + 7 1.643 1.567
0 + 8 2.006 1.916 3 + 8 1.635 1.559
0 + 9 1.971 1.887 3 + 9 1.628 1.552
0 + 10 1.968 1.839 3 + 10 1.62 1.545
0 + 11 1.934 1.839 3 + 11 1.613 1.537

1 1.899 1.81 4 1.605 1.53

1 + 1 1.888 1.799 4 + 1 1.598 1.523
1 + 2 1.877 1.788 4 + 2 1.591 1.516
1 + 3 1.865 1.777 4 + 3 1.585 1.508
1 + 4 1.854 1.765 4 + 4 1.578 1.501
1 + 5 1.843 1.754 4 + 5 1.571 1.494
1 + 6 1.832 1.743 4 + 6 1.564 1.487
1 + 7 1.82 1.732 4 + 7 1.557 1.479
1 + 8 1.809 1.721 4 + 8 1.55 1.472
1 + 9 1.798 1.71 4 + 9 1.544 1.465
1 + 10 1.787 1.698 4 + 10 1.537 1.458
1 + 11 1.775 1.687 4 + 11 1.53 1.45

2 1.764 1.676 5 1.523 1.443

2 + 1 1.758 1.671 5 + 1 1.517 1.437
2 + 2 1.753 1.666 5 + 2 1.512 1.431
2 + 3 1.747 1.662 5 + 3 1.506 1.425
2 + 4 1.741 1.657 5 + 4 1.5 1.419
2 + 5 1.736 1.652 5 + 5 1.494 1.413
2 + 6 1.73 1.647 5 + 6 1.489 1.408
2 + 7 1.724 1.642 5 + 7 1.483 1.402
2 + 8 1.719 1.637 5 + 8 1.477 1.396
2 + 9 1.713 1.633 5 + 9 1.471 1.39
2 + 10 1.707 1.628 5 + 10 1.466 1.384
2 + 11 1.702 1.623 5 + 11 1.46 1.378

3 1.696 1.618 6 1.454 1.372
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Table 2. Sitting height multiplier for 6+ to 9 years of age.

Age (Years + Months) Boys Girls Age (Years + Months) Boys Girls

6 + 1 1.449 1.368 9 + 1 1.291 1.212
6 + 2 1.443 1.364 9 + 2 1.288 1.209
6 + 3 1.438 1.36 9 + 3 1.286 1.206
6 + 4 1.432 1.356 9 + 4 1.283 1.203
6 + 5 1.427 1.352 9 + 5 1.281 1.2
6 + 6 1.422 1.348 9 + 6 1.278 1.197
6 + 7 1.416 1.344 9 + 7 1.276 1.193
6 + 8 1.411 1.34 9 + 8 1.273 1.19
6 + 9 1.405 1.336 9 + 9 1.271 1.187
6 + 10 1.4 1.332 9 + 10 1.268 1.184
6 + 11 1.394 1.328 9 + 11 1.266 1.181

7 1.389 1.324 10 1.263 1.178

7 + 1 1.385 1.319 10 + 1 1.26 1.175
7 + 2 1.381 1.315 10 + 2 1.258 1.172
7 + 3 1.376 1.31 10 + 3 1.255 1.169
7 + 4 1.372 1.305 10 + 4 1.252 1.166
7 + 5 1.368 1.3 10 + 5 1.249 1.163
7 + 6 1.364 1.296 10 + 6 1.247 1.161
7 + 7 1.359 1.291 10 + 7 1.244 1.158
7 + 8 1.355 1.286 10 + 8 1.241 1.155
7 + 9 1.351 1.281 10 + 9 1.238 1.152
7 + 10 1.347 1.277 10 + 10 1.236 1.149
7 + 11 1.342 1.272 10 + 11 1.233 1.146

8 1.338 1.267 11 1.23 1.143

8 + 1 1.334 1.263 11 + 1 1.227 1.14
8 + 2 1.331 1.258 11 + 2 1.224 1.136
8 + 3 1.327 1.254 11 + 3 1.221 1.133
8 + 4 1.323 1.25 11 + 4 1.217 1.129
8 + 5 1.319 1.245 11 + 5 1.214 1.126
8 + 6 1.316 1.241 11 + 6 1.211 1.122
8 + 7 1.312 1.237 11 + 7 1.208 1.119
8 + 8 1.308 1.232 11 + 8 1.205 1.115
8 + 9 1.304 1.228 11 + 9 1.202 1.112
8 + 10 1.301 1.224 11 + 10 1.198 1.108
8 + 11 1.297 1.219 11 + 11 1.195 1.105

9 1.293 1.215 12 1.192 1.101

Table 3. Sitting height Multiplier for 12+ to 15 years of age.

Age (Years + Months) Boys Girls Age (Years + Months) Boys Girls

12 + 1 1.189 1.098 15 + 1 1.056 1.011
12 + 2 1.185 1.094 15 + 2 1.054 1.01
12 + 3 1.182 1.091 15 + 3 1.051 1.009
12 + 4 1.178 1.088 15 + 4 1.048 1.008
12 + 5 1.175 1.084 15 + 5 1.045 1.007
12 + 6 1.171 1.081 15 + 6 1.043 1.006
12 + 7 1.168 1.078 15 + 7 1.04 1.005
12 + 8 1.164 1.074 15 + 8 1.037 1.004
12 + 9 1.161 1.071 15 + 9 1.034 1.003

12 + 10 1.157 1.068 15 + 10 1.032 1.002
12 + 11 1.154 1.064 15 + 11 1.029 1.001
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Table 3. Cont.

Age (Years + Months) Boys Girls Age (Years + Months) Boys Girls

13 1.15 1.061 16 1.026 1

13 + 1 1.146 1.058 16 + 1 1.025
13 + 2 1.142 1.056 16 + 2 1.023
13 + 3 1.138 1.053 16 + 3 1.022
13 + 4 1.133 1.051 16 + 4 1.021
13 + 5 1.129 1.048 16 + 5 1.019
13 + 6 1.125 1.046 16 + 6 1.018
13 + 7 1.121 1.043 16 + 7 1.017
13 + 8 1.117 1.04 16 + 8 1.015
13 + 9 1.113 1.038 16 + 9 1.014

13 + 10 1.108 1.035 16 + 10 1.013
13 + 11 1.104 1.033 16 + 11 1.011

14 1.1 1.03 17 1.01

14 + 1 1.097 1.029 17 + 1 1.009
14 + 2 1.093 1.027 17 + 2 1.008
14 + 3 1.09 1.026 17 + 3 1.008
14 + 4 1.086 1.024 17 + 4 1.007
14 + 5 1.083 1.023 17 + 5 1.006
14 + 6 1.08 1.021 17 + 6 1.005
14 + 7 1.076 1.02 17 + 7 1.004
14 + 8 1.073 1.018 17 + 8 1.003
14 + 9 1.069 1.017 17 + 9 1.003

14 + 10 1.066 1.015 17 + 10 1.002
14 + 11 1.062 1.014 17 + 11 1.001

15 1.059 1.012 18 1

4. Discussion

The prediction of adolescent sitting height is germane to pediatricians and spinal
surgeons. Other methods of growth prediction require both the determination of the sub-
ject’s growth percentile and the use of a graph, all of which we have now consolidated in-to
one simple formula (Figure 4).

Aldegheri and Agostini [19] produced a study compiled from previously published
information on sitting height, but the ethnicity or race of subjects is not included. Only the
means of sitting height are included without any SDs. Although the female multipliers
generated show little variation from those generated from Frederik et al.’s data, the devia-
tion between the male multipliers is considerably greater. While we are unsure of the exact
reasons for the disparity between the Aldegheri and Fredriks et al. studies until age seven,
we believe it has to do with the small sample size.

This work has limitations. Even though the sitting-height multiplier is meant to be
universal, and we found consistency throughout all studied populations after comparing
growth in many different studies, we believe that ultimately the physician should deter-
mine if each patient is following the growth curves presented by the multiplier. We also
believe that whenever assessing spinal growth alterations and pathologies requiring spi-nal
fusion or epiphysiodesis, the spinal growth will not necessarily follow the expected growth.
Spinal growth can involve vertebrae changes as well as changes to the vertebral disk height.
This may have implications for changes in the sitting height after maturity [18].

Longitudinal studies have demonstrated growth patterns more accurately than cross-
sectional studies, as they have traced the growth of individuals over an elapsed pe-riod.
However, there are far fewer longitudinal studies available due to the high cost and time lim-
itations to perform such studies. A territory-wide cross-sectional study by Leung et al. [10]
evaluated the sitting height of 25,000 Chinese children of higher socioeconomic status from
birth through 18 years of age. Similarly, Lin et al. [11] assessed the sitting heights of Han
children (the main ethnic group in China) and 27 minority groups. In total, 409,941 Han
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children and 70,298 minority children between the ages of 7 and 18 were measured. The au-
thors reported that the sitting heights recorded from the Han cohort were generally higher
than those recorded from the minority groups. However, when comparing the multipliers
of Leung et al. [10] and both groups of Lin et al. [11] to the mul-tipliers generated from
Fredriks et al. [9] data, a minimal difference is observed.

Lee et al. [12] published a longitudinal study observing 1,139 healthy Taipei school-
children ranging from 8 to 18 years of age. In addition to sitting height, they also docu-
mented arm span, skinfold thickness, and body mass index from 1994 through 1997.
Alt-hough it has been suggested that longitudinal studies hold more accuracy than cross-
sectional, the Lee et al. [12] multipliers held little variability to those of Fredriks et al. [9].

The multiplier method also can determine the appropriate timing of arthrodesis, as well
as to predict the amount of height lost because of a specific spine operation. Each vertebra
in the lumbar and thoracic spine make approximately equal growth contributions—i.e., any
single vertebra in the lumbar spine contributes approximately one-fifth of the total growth of
the lumbar spine, and any single vertebra in the thoracic spine contrib-utes approximately
one-twelfth of the total growth of the thoracic spine [15,20]. Therefore, to predict the height of
a single lumbar vertebra at maturity (Llv), multiply the current length of the lumbar spine
(Lls) by the multiplier for the current age (M) and divide the result by five ([LlsM]/5 = Llv).
Similarly, to predict the height of a single thoracic vertebra at maturity (Ltv), multiply the
current length of the lumbar spine (Lts) by the multiplier for the current age (M) and divide
the result by twelve ((LtsM)/12 = Ltv) (Figure 5).
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Figure 5. Equation for predicting height of the single lumbar and thoracic vertebrae and remaining
growth. L, age-specific length; Lsl, age-specific length of lumbar spine; Lst, age-specific length of
thoracic spine; Lvl, length of single lumbar vertebra at maturity; Lvt, length of single thoracic vertebra
at maturity; M, age-specific multiplier; S, age-specific sitting height.

To calculate the growth lost as the result of arthrodesis, one must first calculate the
growth remaining in the affected area of the spine. Growth remaining (G) is equal to
the length of the relevant section of the spine at maturity minus the current length of the
rele-vant section (M[L-1] = G). Thus, to calculate the growth lost as a result of arthrodesis
(Ge), multiply the growth remaining for a single vertebra in the relevant segment of the
spine ([(Lls(M-1)]/5 for lumbar vertebrae); ([Lts(M-1)]/12 for thoracic vertebrae) by the
number of vertebrae fused (Vf) (Figure 5).

The prediction of sitting height is an important factor in the planning of limb length-
ening for achondroplastic dwarfism [3]. As demonstrated by Paley et al., there is a close
correlation between the sitting heights of these patients and normal subjects [3,16,20–22].
Hence, our sitting height multiplier also can be employed for achondroplastic patients [3].
In normal adults, sitting height comprises 53% of the total standing height at skeletal ma-
turity [23–25]. Therefore, when lower extremity lengthening is planned in achondroplastic
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patients, the goal is to obtain a length in the lower extremity of 88.6% (47/53) of the
pre-dicted sitting height, to achieve Vitruvian proportions.

Paley et al. have shown that the multipliers are independent of percentile groupings,
height, generation, socioeconomic class, ethnicity, and race, and this independence has
been clinically validated [2,4,17]. Such a relationship could be considered a mathematical
property of human growth and development. The relative size and curve of the various
multipliers are indicators of normal proportion; the lower extremity, having the highest
multiplier, increases the most proportionally, from 35% of the height at birth to 47% of the
height at skeletal maturity [20]. Sitting height, on the other hand, has a lower multiplier,
decreasing proportionally from 65% of the height at birth to 53% at skeletal maturity.

5. Conclusions

Most known current data that has attempted to accurately predict spinal growth at
maturity focuses on either specific ethnic groups or concentrates on a particular patient
population—such those with congenital scoliosis or achondroplasia. We evaluated available
databases on sitting height and multipliers for spinal growth and consolidated them
to develop a multiplier for predicting sitting height growth at maturity. This method
can also aid in calculating growth modification resulting from arthrodesis as well as
facilitaing planning for limb lengthening procedures with challenging diagnoses such as
achondroplasic dwarfism.
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Abstract: Persistent pain after posterior spinal fusion affects 12 to 42% of patients with adolescent
idiopathic scoliosis. The incidence of persistent pain among surgically treated children with Scheuer-
mann kyphosis and spondylolisthesis is not known. The aim of our study was to determine the
predictors and incidence of acute and chronic postoperative pain in adolescents undergoing posterior
spinal fusion surgery. The study was a retrospective analysis of a prospectively collected pediatric
spine register data. The study included 213 consecutive patients (158 AIS, 19 Scheuermann kypho-
sis, and 36 spondylolisthesis), aged 10–21 years undergoing posterior spinal fusion at a university
hospital between March 2010 and March 2020. The mean (SD) daily postoperative opioid consump-
tion per kilogram was significantly lower in the spondylolisthesis patients 0.36 mg/kg/day (0.17)
compared to adolescent idiopathic scoliosis 0.51 mg/kg/day (0.25), and Scheuermann kyphosis
0.52 mg/kg/day (0.25) patients after surgery (p = 0.0004). Number of levels fused correlated with
the daily opioid consumption (rs = 0.20, p = 0.0082). The SRS-24 pain domain scores showed a statis-
tically significant improvement from preoperative levels to two-year follow-up in all three groups
(p ≤ 0.03 for all comparisons). The spondylolisthesis patients had the lowest SRS pain domain scores
(mean 4.04, SD 0.94), reporting more pain two years after surgery, in comparison to AIS (mean 4.31,
SD 0.60) (p = 0.043) and SK (mean 4.43, SD 0.48) patients (p = 0.049). Persistent postoperative pain in
adolescents undergoing posterior spinal fusion is related to disease pathology while higher acute
postoperative pain is associated with a more extensive surgery. Spondylolisthesis patients report
more chronic pain after surgery compared to AIS and SK patients.

Keywords: adolescent idiopathic scoliosis; Scheuermann kyphosis; spondylolisthesis; posterior
spinal fusion; postsurgical pain

1. Introduction

Adolescent idiopathic scoliosis (AIS), Scheuermann kyphosis (SK), and spondylolis-
thesis are the most common indications for instrumented posterior spinal fusion (PSF) in
adolescents. The primary goal of the surgical treatment for AIS and SK is to prevent pro-
gression of the deformity [1–3]. In spondylolisthesis, the aim is mainly to relieve pain and
additionally to prevent progression or reduce sagittal deformity in high-grade slips [1]. The
extension of the procedure varies between AIS, SK, and spondylolisthesis patients. Spinal
deformity correction requires a long posterior instrumentation, while spondylolisthesis is
treated with a single or two-level lumbar fusion [1]. Previous studies have suggested that
PSF reduces pain in patients with AIS and spondylolisthesis, while pain outcomes after
surgery for SK remain unclear [3–7].
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Postoperative pain with nociceptive, neuropathic, and inflammatory components
are induced from major tissue trauma after the surgical procedure [8]. Nociceptors of
skin, muscles, fascia, ligaments, vertebrae, and facet joint capsules elicit the sensation of
pain. Spinal surgery involves manipulation of the spine, spinal cord, and the nerve roots.
These components may also suffer from inadequate perfusion and hypoxia, which may
cause neuropathic pain after surgery. Tissue injury induces an inflammatory response.
Damaged cells release pro-inflammatory agents such as bradykinin, histamine, cytokines,
and prostanoids. Some of these inflammatory mediators act on the modulation of pain in
dorsal root ganglia and directly on nociceptors.

Persistent postoperative pain is defined as a pain on the surgical site lasting over three
months after surgery, well beyond the healing process [9]. Persistent postsurgical pain
is associated with increased functional disability, psychological distress, and economic
costs [10]. The data from AIS patients show an incidence of postoperative persistent pain
between 12 to 42% [5,11–13]. However, the literature regarding the persistent postsurgical
pain in SK and spondylolisthesis patients is inadequate.

The aim of our research was to determine the incidence and the predictors of acute
and chronic postoperative pain in adolescents undergoing PSF. We hypothesized that acute
pain is associated with the extension of surgery and that chronic postsurgical pain is more
dependent on the disease pathology.

2. Materials and Methods

The study was approved by the Ethics Committee, Hospital District of Southwest
Finland (ETMK 95/180/2011 and ETMK 38/1800/2015). Informed consent was obtained
from all subjects involved in the study and from their parents if under 18 years old.

2.1. Study Design

The study was a retrospective analysis of a prospectively collected pediatric spine
register assessing risk factors for acute and persistent pain in adolescents after instrumented
PSF surgery. We reviewed 221 patients (166 AIS, 19 SK, and 36 spondylolistheses) entered
consecutively into this register between March 2010 and March 2020. The date of last
follow-up was 5 October 2022. This spine register is a database of children and adoles-
cents undergoing spinal fusion surgery for AIS, SK, or spondylolisthesis at our university
hospital. Eight patients were excluded from further analyses, and all of these were from
the AIS group: two patients’ postoperative opioid usage was not adequately documented;
two patients needed early re-operation for a neurologic deficit; one patient had a combined
anteroposterior approach; one patient had chronic renal insufficiency; one patient had
a concomitant neurological condition, and one patient was operated for both AIS and
spondylolisthesis, leaving 213 patients for further analyses. The same skilled orthopedic
spine surgeon performed surgeries on all the patients. Pain was analyzed using Scoliosis
Research Society-24 (SRS-24) outcome questionnaire. The data on opioid consumption was
obtained from patient records.

The anesthetic management of the AIS, SK and spondylolisthesis patients was stan-
dardized. The total intravenous anesthesia protocol has been used unchanged since 2009
in our university hospital. Anesthesia was maintained with target-controlled infusions
of propofol and remifentanil titrated to maintain the bispectral index (BIS) within pre-
determined limits. As all patients received similar weight-based remifentanil infusions
intraoperatively, this was not included in the amount of postoperative opioid reported.
Muscle relaxant was not used in any of the patients at any time. Dexmedetomidine-infusion
(1 µg/kg/h) was used for supplemental hypnosis and analgesia in all patients. Mean arte-
rial pressure was maintained between 65–75 mmHg with noradrenaline infusion if needed.
Normothermia was maintained. Neurophysiological measurements were done every
20 min and at certain time points. None of the patients needed postoperative ventilation.

The majority (71%, 151/213) of the AIS, SK and spondylolisthesis patients received
patient-controlled analgesia (PCA) with oxycodone for the first 48 postoperative hours. The
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typical oxycodone PCA contained an on-demand oxycodone-bolus of 0.03 mg/kg/dose
at a maximum of three doses per hour, with no basal infusion. The patients without PCA
(n = 62), received intravenous and oral oxycodone as needed. The patients’ oral oxycodone
dosages were converted to equivalent intravenous doses (0.6 * per dose) [14]. Postoperative
opioid use included all opioids received postoperatively in the postoperative anesthesia
care unit (PACU), pediatric intensive care unit (PICU), and postoperative ward during the
hospital stay. All patients received oral paracetamol at 15–20 mg/kg three times per day.
Epidural analgesia was not used by any of the patients. A numerical rating scale (NRS)
was used to evaluate pain.

Perioperative variables collected included gender, age, height, weight, body mass
index (BMI), fusion levels, surgical time, intraoperative blood loss, number of levels fused,
length of hospital stay, opioid amount on first 48 h after operation, total opioid consumption
during hospital stay, SRS-24 questionnaire preoperatively, six months postoperatively, and
two years postoperatively.

The patients were mobilized according to our established process. The urinary catheter
was removed on day 2 after surgery. The patients were requested to stand up and take a
few steps on the first postoperative day. On the second postoperative day the patients were
supported to walk around on the ward.

2.2. Scoliosis Research Society Outcome Questionnaire

The SRS-24 is a disease-specific health-related quality of life questionnaire, which is
developed for scoliosis patients. The SRS-24 questionnaire is also used for other spinal
surgery patients. Patients filled out the SRS-24 questionnaire preoperatively, and six and
24 months postoperatively. The SRS-24 questionnaire has seven domains: pain, general self-
image, general function, general activity, postoperative self-image, postoperative function,
and patient satisfaction. The scores in each field range from 1.0 to 5.0, with higher scores
pointing out better patient outcomes. A score under 4 in the pain domain was considered
clinically relevant and indicated moderate to severe pain [3]. The maximum score of this
questionnaire is 120. The questions from 16 to 24 are related to the treatment and can
therefore only be filled out after surgery. The first SRS-24 question, which asks patients
to rate their pain on a scale of 1 to 9, was analyzed separately, 1 indicating no pain
and 9 considered to be severe pain. A pain score over 4 was considered as moderate to
severe pain.

2.3. Surgical Technique

All AIS and SK patients were operated on using a posterior-only approach and had
spinal cord monitoring. Bilateral segmental pedicle screw instrumentation (MESA 5.5,
Stryker spine, Leesburg, VA, USA, 6.35CD Legacy or Solera 6.0, Medtronics Spinal and
Biologics, Memphis, TN, USA) were used to correct the spinal deformity. Pedicle screws
were inserted using a free-hand approach. Apical posterior column osteotomies were
performed in all SK patients and in 46 (29.1%) of the AIS patients to facilitate deformity
correction. Selection of fusion levels was according to the Lenke classification and last
substantially touched vertebra for AIS [15] and stable sagittal vertebra for SK in the lumbar
spine and T2 or T3 as the upper instrumented vertebra [16].

All spondylolisthesis patients had pedicle screw instrumentation with intercorporeal
fusion using a TLIF cage (Crescent, Medtronic) with an autologous bone graft from the
decompression. Neural elements were widely decompressed for nerve roots (L5, S1) and
cauda equinae. Patients with low-grade spondylolisthesis had pedicle screws inserted into
L5 and S1 to reduce the spondylolisthesis and patients with high-grade spondylolisthesis
underwent instrumentation from L4 to S1 with pelvic instrumentation (iliac or S2 alar
iliac screws).
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2.4. Statistical Methods

Associations between the opioid consumption and variables (study group, gender,
surgery time, intraoperative blood loss and preoperative pain) were summarized with
descriptive statistics and studied one by one with the Spearman correlation (for continuous
variables) and the Kruskal-Wallis test (for categorical variables). Associations between
chronic pain and explanatory variables (study group, gender, surgery time, intraoperative
blood loss and preoperative pain) were studied with the Spearman correlation and the
Kruskal-Wallis test (three groups). Study group effects with surgical outcomes (surgery
time, intraoperative blood loss and length of hospital stay) were studied with the Kruskal-
Wallis test and the Dwass-Steel-Critchlow-Fligner pairwise test. Differences between study
groups in the SRS-24 preoperative and two-year postoperative scores, the SRS-24 pain
preoperative and two-year postoperative scores and the SRS-24 self-image and two-year
postoperative scores were studied with a mixed model for repeated measures. Differences
between study groups in the SRS-24 function and activity domain scores were analyzed
with the Kruskal-Wallis test.

The normality of variables was assessed visually and using the Shapiro-Wilk test. In all
tests, the statistical significance level was set at 0.05 (two-tailed). The analyses were carried
out using the SAS system, version 9.4 for Windows (SAS Institute Inc., Cary, NC, USA).

3. Results

A total of 213 consecutive adolescents (146 females (69%) and 67 males (31%)) with a
mean age of 15.6 years (range 10–21 years) at the time of surgery were included in this study.
The cohort consisted of 158 (74.2%) AIS patients, 19 (8.9%) patients with Scheuermann
kyphosis and 36 (16.9%) spondylolisthesis patients. The majority of the AIS (114 (72.2%))
and spondylolisthesis (29 (80.6%)) patients were females as opposed to the SK patients,
with only 15.8% (3) females. Twenty-three (10.8%) of these patients were under the age of
13 years at the time of surgery.

3.1. Surgical Outcome

There were significant differences in surgery time, intraoperative blood loss, number
of levels fused, and length of hospital stay between the study groups. The Scheuermann
patients had the greatest intraoperative blood loss compared to the other patient groups.
The spondylolisthesis patients had the longest surgical time and the shortest hospital
stay (Table 1).

Table 1. Demographic characteristics.

Variables AIS
(n = 158)

SK
(n = 19)

Spondylolisthesis
(n = 36) p Value

Sex (male:female) 44:114 3:16 7:29 <0.001
Age (years) 15.6 (2.2) 16.7 (1.3) 14.7 (1.9) 0.002
Weight (kg) 58.3 (13.5) 80.6 (27.8) 57.2 (12.5) <0.001

BMI (kg/m2) 20.9 (3.9) 25.7 (7.5) 21.3 (3.7) 0.018
Surgical time (h) 2.95 (0.75) 3.45 (0.53) 3.49 (1.00) <0.001

Intraoperative blood loos (mL) 529 (350) 616 (200) 344 (203) <0.001
Number of levels fused (n) 10.8 (1.2) 12.9 (0.5) 2.6 (0.5) <0.001
Daily oxycodone dose/kg

during hospital stay
(mg/kg/day)

0.51 (0.25) 0.52 (0.25) 0.36 (0.17) <0.001

Major curve
Preop 52 (8.5) 79 (5.6)
Postop

Length of hospital stay (day)
13 (4.6)
7.2 (1.6)

48 (8.4)
7.8 (1.6) 6.2 (2.1) <0.001

Data presented as mean and standard deviation or number and percentage.

3.2. Preoperative Pain and SRS-24 Scores

Preoperative mean (SD) SRS-24 pain scores were significantly lower in the spondy-
lolisthesis patients, meaning more pain, 3.24 (0.9) compared to AIS 3.96 (0.7) and SK 4.02
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(0.6) patients, p < 0.001 in both comparisons (Table 2). Seventy-six percent (25/33 patients)
of the spondylolisthesis patients had a preoperative SRS pain score under 4, as compared
to 42% (62/146 patients) in the AIS group and 28% (5/18 patients) in the SK group. Pre-
operatively 17% (25 of 146) of the AIS patients, 17% (3 of 18) of SK, and 52% (17 of 33)
of the spondylolisthesis patients reported moderate to severe pain on question 1 of the
SRS-24 questionnaire.

Table 2. SRS-24 domain scores in the groups.

SRS-24 Domains AIS Scheuermann
Kyphosis Spondylolisthesis p-Value

AIS vs. SK

p-Value
AIS vs.

Spondylolisthesis

Pain
preoperative 3.96 (0.72) 4.02 (0.64) 3.24 (0.86) 0.82 <0.001

6-mth FU 4.25 (0.63) 4.36 (0.49) 3.60 (0.71) 0.46 <0.001
2-year FU 4.31 (0.60) 4.43 (0.48) 4.04 (0.94) 0.46 0.04

Self-image
preoperative 3.83 (0.70) 3.54 (0.92) 4.00 (0.67) 0.05 0.23

6-mth FU 4.05 (0.68) 3.96 (0.50) 4.19 (0.50) 0.84 0.53
2-year FU 4.14 (0.68) 4.11 (0.61) 4.21 (0.58) 0.88 0.42

Function
preoperative 4.03 (0.47) 3.96 (0.44) 3.84 (0.54) 0.67 0.14

6-mth FU 3.95 (0.52) 4.04 (0.69) 3.95 (0.60) 0.56 0.69
2-year FU 4.13 (0.56) 4.07 (0.42) 4.10 (0.53) 0.56 0.74

Activity
preoperative 4.45 (0.81) 4.57 (0.47) 3.52 (1.13) 0.42 <0.001

6-mth FU 3.93 (0.98) 3.84 (1.10) 3.97 (1.00) 0.37 0.38
2-year FU 4.66 (0.67) 4.44 (0.88) 4.39 (1.09) 0.13 0.24

Total score
preoperative 4.05 (0.50) 4.02 (0.49) 3.55 (0.60) 0.69 <0.001

6-mth FU 3.84 (0.45) 3.94 (0.46) 3.88 (0.44) 0.35 0.61
2-year FU 4.05 (0.42) 4.09 (0.46) 3.93 (0.64) 0.72 0.18

Data presented in mean (SD).

Preoperative mean (SD) SRS-24 total scores were significantly higher in AIS (4.05
(0.50)) and SK (4.02 (0.49)) patients compared to spondylolisthesis patients (3.55 (0.60)),
p < 0.001 for both comparisons. Similarly, preoperative mean (SD) SRS-24 activity scores
were significantly lower in spondylolisthesis patients, meaning less activity (3.52 (1.13))
compared to AIS (4.45 (0.81)) and SK (4.57 (0.47)) patients, (p < 0.001 for both comparisons).

3.3. Acute Postoperative Pain

There was a statistically significant difference in the opioid consumption after surgery
between the three groups. The mean (SD) daily postoperative opioid consumption was
significantly lower in the spondylolisthesis patients (0.36 mg/kg/day (0.17)) compared to
AIS (0.51 mg/kg/day (0.25)) and SK (0.52 mg/kg/day (0.25)) patients (p < 0.001). Patients’
age, gender, BMI, surgery time, intraoperative blood loss or preoperative pain were not
associated with increased opioid consumption postoperatively. The number of fused
vertebrae correlated with the daily opioid consumption (rs = 0.20, p = 0.0082).

The difference in the oxycodone consumption during first 48 postoperative hours did
not reach statistical significance. The mean (SD) 48 h oxycodone consumption in AIS, SK
and spondylolisthesis groups were 1.68 mg/kg (1.08), 1.80 mg/kg (0.78) and 1.40 mg/kg
(0.75), respectively, (p = 0.10). There was a correlation between longer surgical time and
increased 48 h opioid consumption (rs = 0.16, p = 0.020). Patient gender, intraoperative blood
loss or preoperative pain were not associated with increased 48 h oxycodone consumption
after surgery.

3.4. Persistent Postoperative Pain

The SRS-24 pain domain scores showed a statistically significant improvement from
preoperative levels to two-year follow-up in all three groups. This domain increased from
a mean of 3.96 to 4.31 in the AIS patients (p < 0.001), 3.24 to 4.04 in the spondylolisthesis
patients (p < 0.001), and 4.02 to 4.43 in the SK group (p = 0.03), respectively. At two
years postoperatively, 11% (14 of 129) of AIS, 7% (1 of 14) of SK, and 16% (4 of 25) of
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the spondylolisthesis patients reported moderate to severe pain on question 1 in the
SRS-24 questionnaire.

The patients with spondylolisthesis had the lowest SRS pain scores (mean 4.04, SD 0.94)
at two years after surgery in comparison to AIS (mean 4.31, SD 0.60) (p = 0.043) and SK
(mean 4.43, SD 0.48) (p = 0.049) patients. There was no statistical difference in SRS pain
scores between the AIS and SK patients (p = 0.46) at the two-year follow-up. Patients’
age, gender, BMI, surgery time, intraoperative blood loss or preoperative pain were not
associated with more persistent postoperative pain.

At the two-year follow-up, 27 (21%) of 129 AIS patients, 3 (20%) of 15 SK patients, and
9 (36%) of 25 patients in the spondylolisthesis group had a SRS pain score under 4 (p = 0.26).
At the two-year follow-up there was a positive correlation between the scores in self-image
and pain in the AIS patients (rs = 0.30, p < 0.001). This correlation between self-image and
pain was not seen in the other groups.

3.5. Subgroup Analysis of AIS Patients

In a subgroup analysis with AIS patients only, there was a correlation between preoper-
ative pain and daily postoperative opioid consumption (rs = 0.29, p < 0.001) and persistent
pain (p < 0.001). Patient gender affected the opioid consumption after surgery (p = 0.013)
but not the persistent postoperative pain. Intraoperative blood loss, surgery time or number
of fused vertebras were not associated with opioid consumption after surgery nor with
persistent postoperative pain.

4. Discussion

To the best of our knowledge, this is among the first studies comparing persistent post-
operative pain development of surgically treated AIS, SK, and spondylolisthesis patients.
In our study, the extension of surgery (levels fused) predicted acute postoperative pain and
greater opioid use during hospital stay. However, diagnosis and disease pathology were
stronger predictors for chronic pain.

Preoperative pain is a common risk factor for persistent pain after PSF in AIS
patients [13,17–19]. This might explain why spondylolisthesis patients had a higher in-
cidence of persistent pain after surgery than AIS and SK patients. Other risk factors for
chronic pain after PSF in AIS patients according to the literature are child anxiety [11,18,19],
longer operative time [11,20], and self-image [4]. The development of chronic postoperative
pain seems to be multifactorial [8]. There is paucity in literature regarding chronic post-
surgical pain after deformity correction in spondylolisthesis and SK patients. Multimodal
analgesia is an important component in reducing chronic pain, but the optimal treatment
protocol for adolescent spinal surgery is still not established [12,21]. Studies have shown
that acute postsurgical pain predicts chronic pain in adolescents [11,22]. However, in the
study conducted by Li et al. [23], it was found that opioid consumption during the acute
postoperative period did not significantly predict pain six months after surgery. In our
study, the mean daily postoperative opioid consumption was significantly lower in the
spondylolisthesis patients compared to AIS and SK patients. Spondylolisthesis patients had
more persistent pain compared to AIS and SK patients. In the subgroup analysis with AIS
patients, the opioid consumption during immediate postoperative period did not predict
pain six months or two years after surgery. Patients with spondylolisthesis had the lowest
preoperative SRS-24 activity scores, meaning less activity compared to AIS and SK patients.
They also had more preoperative pain compared to AIS and SK patients, which could
lead to lower activity scores. Secondly, the conservative treatment of spondylolisthesis
patients includes restriction of physical activity. Lower pain and activity scores resulted in
lower preoperative SRS-24 total scores, reflecting a lower health-related quality of life in
the spondylolisthesis patients compared to AIS and SK patients.

The indications for PSF differ in patients with AIS, SK, and spondylolisthesis [1,24].
Patients with AIS and SK undergo surgery for spinal deformity and spondylolisthesis
patients mainly for low back and/or radicular pain. Surgical techniques also differ in
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nature. Multiple levels of spinal fusion are required to address deformity, while one or
two-level spinal fusion with or without pelvic instrumentation is adequate to reduce or
stabilize spondylolisthesis. Ideally, AIS and SK patients undergo surgery without nerve
root manipulation. Wide nerve root decompression and retraction is needed in patients
with spondylolisthesis. Additionally, reduction of high-grade spondylolisthesis improves
possibilities of spinal union, but increases tension on L5 nerve roots [25]. Our study
indicates that the extent of intraoperative tissue injury (multiple spinal fusion levels)
explains relatively well immediate postoperative pain and opioid requirement after surgery.
In contrast, preoperative pain and perioperative nerve root manipulation may be associated
with more long-term pain, as observed in patients with spondylolisthesis.

Carreon et al. [26] determined the minimum clinically important difference (MCID)
in Scoliosis Research Society-22 appearance, activity, and pain domains after surgical
correction of AIS. The MCID in pain domain was 0.20. In our study, the surgical treatment
of spinal deformity reduced pain after two years in all three groups of patients, and in
every patient group the improvement was greater than 0.20. The greatest improvement in
pain domain scores was seen in the spondylolisthesis patients. However, spondylolisthesis
patients had still more chronic pain after surgery compared to AIS and SK patients.

Limitations and Strengths

This study represents a retrospective analysis of a prospectively collected pediatric
spine register with 213 consecutive adolescents with almost complete preoperative and
two-year health-related quality of life data. AIS is the most common indication for spinal
fusion in the adolescent age group, while the need for surgery of pediatric spondylolisthesis
and Scheuermann kyphosis is much more limited. This resulted in a noticeably larger group
of patients in the AIS as compared to SK and spondylolisthesis groups. Therefore, one
limitation is the relatively small number of spondylolisthesis and Scheuermann kyphosis
patients in the register that included 158 AIS patients but only 19 SK and 36 spondylolisthe-
sis patients. Perioperative pain management was standardized. Health-related quality of
life and pain were evaluated using the SRS-24 questionnaire, which is a validated outcome
tool for adolescents undergoing instrumented posterior spinal fusion. Surgical manage-
ment was standardized and included a selection of fusion levels according to the Lenke
classification and last substantially touched vertebra for AIS [15], stable sagittal vertebral
body for Scheuermann kyphosis [16], and one-level fusion for low-grade and two-level
fusions for high-grade spondylolisthesis. All the patients were operated on by the same
experienced orthopedic spine surgeon. Postoperative pain management included either
oxycodone PCA or intravenous and oral oxycodone during the first 48 h postoperatively.

5. Conclusions

Instrumented posterior spinal fusion significantly reduced pain two years after surgery
in AIS, SK, and spondylolisthesis patients. A larger number of levels fused was associated
with a higher postoperative opioid consumption, as patients with AIS and SK required
significantly more opioids than the patients with spondylolisthesis. In contrast, spondy-
lolisthesis patients had more persistent pain two years after surgery compared to AIS and
SK patients, suggesting that spinal pathology is more predictive of long-term pain.
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Abstract: (1) Background: Idiopathic scoliosis is a major treatment problem due to its unknown origin
and its three-dimensional nature. Attempts to cure it and search for new methods of physiotherapeutic
treatment that would lead to its correction are one of the key issues of modern medicine. One of them
is the fixation, elongation, de-rotation method (FED), used in the conservative treatment of idiopathic
scoliosis. The aim of the study was evaluation of the short-term effectiveness of the FED method in
the treatment of patients with idiopathic scoliosis. (2) Methods: Each patient underwent therapy
based on the guidelines of the FED method. Patients were tested with the Bunnell scoliometer and
the Zebris computer system. The treatment period was three weeks, after which the examinations
were repeated. (3) Results: The results appeared to be statistically significant for all tested variables.
(4) Conclusions: The examinations showed that the FED method had a statistically significant effect
on the improvement of all parameters of posture examination, regardless of the size of the scoliotic
deformation angle and bone maturity.

Keywords: scoliosis; musculoskeletal disorders; spine; conservative treatment; rehabilitation

1. Introduction

Idiopathic scoliosis is a major treatment problem due to its unknown origin and
its three-dimensional nature. Attempts to cure it and search for new methods of phys-
iotherapeutic treatment that would lead to its correction are one of the key issues of
modern medicine.

One of the less known methods used in Poland for the treatment of patients with
idiopathic scoliosis is the FED method (fixation, elongation, de-rotation) established in
Spain. The FED treatment method uses a device where corrective forces act on the curva-
ture. The strength of the device is focused on stabilizing, stretching, and de-rotating the
spine, under the control of an innovative computer program [1]. As a method that uses a
special apparatus for the correction of scoliotic deformity, it has been of great interest to
medics in recent years. However, reports that assess the effects of its application are still
insufficient [2].

There are several ways to test the effectiveness of the FED method in treating patients
with idiopathic scoliosis. The most popular, but harmful due to radiation exposure, is a
radiological examination, which is still the standard for diagnosing scoliosis [3–5]. Scoliosis
patients can get 10 to 25 spinal X-rays over several years equating to a maximum 10 to
25 mGy of cumulative exposure. Patients who were diagnosed at a younger age and
received early and ongoing treatment may be subjected to up to 40 to 50 X-rays, 50 mGy in
total [6]. Other non-invasive devices have been used more and more frequently to assess
the effects of therapeutic activities undertaken, including the assessment and comparison of
various treatments and methods. Such a test can be both a clinical examination, including a
scoliometer test as a simple and reliable device for measuring the transverse plane of the

135



Children 2022, 9, 1513

spine-trunk rotation, and a more modern three-dimensional posture test, such as the Zebris
system. The Zebris system is a modern and specialized apparatus that uses ultrasound,
enabling non-invasive examination of the body posture by creating a three-dimensional
image of the patient’s figure. The system performs a computer analysis to create a report [7].
While the scoliometer is traditionally used to measure trunk rotation at the apex of the
curvature, it can also be used to assess global trunk rotation, which evaluates the overall
impact of therapy on the spine. A similar test assessing the overall effect of the therapy, but
in the frontal plane, is the examination of scoliotic deformity with the Zebris system.

The aim of the study was to evaluate the results of the FED method in patients with
idiopathic scoliosis in the short term.

2. Materials and Methods
2.1. Study Population

The study included 81 subjects, 72 girls and 9 boys, aged from 11 to 17 (mean 14.28 ± 1.63).
Each of the subjects had a current radiograph, which assessed the following: Risser test,
the size of the Cobb angle for individual curvatures and the type of scoliosis was marked
according to the King-Moe classification. All patients had idiopathic double-curve scoliosis
of type I or II, characterized by the presence of a sigmoid curve in the thoracic (type I) or in
the lumbar (type II) segments greater than the other one.

Inclusion Criteria

- Current X-ray scan (not older than 1 month) covering the pelvic girdle, diagnosed
double-curve idiopathic scoliosis of type I and II according to King-Moe classification,
with the Cobb angle between 10 and 60 degrees of primary scoliosis;

- Age 11–17 years;
- Incomplete ossification;
- No contraindications to the therapy from other systems;
- Consent to examination procedures.
- Exclusion criteria:
- Scoliosis of other than idiopathic origin;
- Risser sign = 5–finished ossification;
- Coexisting diseases of other organs that prevent participation in the program;
- Lack of consent of the patient and the guardian to examinations and participation in

the program.

2.2. Study Protocol

Each patient underwent therapy based on the guidelines of the FED method, which
consisted of three basic elements: physical therapy as well as analytical and instrumental
kinesiotherapy. The main component of the treatment was a special device that corrected
the spine in 3 planes. With the help of a special vest, the patient was suspended in the
device. Elongation was performed by a computer-controlled hoist, which, at the same
time, regulated the pressure of the mobile arm correcting the apex of the scoliotic curve.
Other arms stabilized the scoliotic curve at its ends. The pressure force was determined
depending on the patient’s ability, up to a maximum of 100 kg. The time of the procedure
was 30 min, the time of corrective pressure performed by the pneumatic movable arm
was 20 s, and the break was 10 s. The arm corrected the curve both in the frontal and
rotational planes, owing to the possibility of its angular positioning. In order to prepare the
patient for the therapy in the device, the tissues were made more flexible and blood supply
improved in the places to be subjected to the therapy, so, in this study, electrostimulation
of the muscles on the convex side of the curve and thermal treatment, in which warm
compresses were placed in the deformation concavity, were used. Both procedures lasted
15 min. Then the patient performed exercises for about 20–30 min, individually selected
in accordance with the guidelines of the FED method. The selection of exercises was
based on the King-Moe classification, which divides scoliosis into 5 types in terms of the

136



Children 2022, 9, 1513

location of scoliotic curvatures. In addition, patients wore the Boston brace every day for
approximately 21–22 h a day, except for FED therapy (up to 3 h) and personal care. The
Boston brace was made on the basis of a plaster cast and self-report was used.

Each participant was tested with the Bunnell scoliometer and the Zebris computer
system on the day before therapy began. The treatment period was 3 weeks, after which the
examinations were repeated on the day the therapy completed. In the study, the scoliometer
assessed both the trunk rotation angle at the apex of both scoliotic curves for the thoracic
(ATR Th) and lumbar (ATR L) spine, and the total spine rotation using the SDR summing
parameter, which consisted in summing the values of the rotation on both curves as positive
values regardless of their direction. The computer examination assessed overall scoliotic
deformation (SD) in the frontal plane. This parameter was the sum of the angles of tangents
from the seventh cervical to the fifth lumbar vertebrae (C7-L5).

This study was conducted according to the guidelines of the Declaration of Helsinki,
and approved by the Bioethics Committee for Scientific Research at the College of Rehabili-
tation in Warsaw, number 100/2022.

2.3. Data Analysis

In order to answer the research questions, statistical analyses were performed with
the IBM SPSS Statistics 27 (Armonk, NY, USA). This was used to analyze basic descriptive
statistics, with Shapiro–Wilk test, and Student’s t-test for dependent samples, and Wilcoxon
test and Spearman’s rho correlation analysis. The level of significance was considered to be
α = 0.05.

3. Results
3.1. Data Analysis

Most patients (66.7%) had type II scoliosis according to the King-Moe classification.
The mean Cobb angle at the thoracic level [◦] was 35.91 ± 10.43, and at the lumbar level it
was 33.54 ±10.94. Detailed results are presented in Tables 1 and 2.

Table 1. Gender and type of scoliosis.

n %

Gender (n = 81)
Girls 72 88.90%

Boys 9 11.10%

King-Moe
Classification (n = 81)

Type I 27 33.30%

Type II 54 66.70%
n—number.

Table 2. Age and X-ray analysis of indicators.

n ¯
x Min. Max.

Age [years] 81 14.28 ± 1.63 11.00 17.00

Risser sign [score] 81 2.85 ± 0.94 1.00 4.00

Cobb angle at the thoracic level [◦] 81 35.91 ± 10.43 13.00 56.00

Cobb angle at the lumbar level [◦] 81 33.54 ± 10.94 10.00 59.00

King-Moe Classification Type I-Cobb
angle at the lumbar level 27 40.48 ± 6.70 24.00 59.00

King-Moe Classification Type II-Cobb
angle at the thoracic level 54 39.01 ± 7.69 16.00 53.00

n—number, x—mean, SD—standard deviation, Min—the lowest value, Max—the highest value.
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3.2. Basic Descriptive Statistics with the Shapiro-Wilk Test

In the first step of the analysis, the distributions of quantitative variables were checked.
For this purpose, basic descriptive statistics were calculated together with the Shapiro-Wilk
test examining the normality of the distribution. The results of the analysis are presented
in Table 3.

Table 3. Basic descriptive statistics of the studied variables together with the Shapiro-Wilk test
for normality.

¯
x Me Sk. Kurt. Min. Max. W p

Before Therapy (n = 81)

The trunk rotation angle-ATR Th [◦] 11.30 ± 4.63 11.00 0.08 −0.47 1.00 22.00 0.99 0.535

The lumbar rotation angle-ATR L [◦] 7.75 ± 4.90 7.00 0.50 −0.44 0.00 19.00 0.95 0.003 *

Sum of two rotations-SDR [◦] 19.05 ± 5.46 18.00 0.48 −0.11 8.00 33.00 0.97 0.066

Scoliotic deformation angle-SD [◦] 37.06 ± 14.21 35.00 1.10 2.51 8.30 90.60 0.94 <0.001 *

After Therapy (n = 81)

The trunk rotation angle-ATR Th [◦] 8.51 ± 4.19 8.00 0.13 −0.34 0.00 18.00 0.98 0.430

The lumbar rotation angle-ATR L [◦] 5.05 ± 4.18 4.00 0.88 0.08 0.00 16.00 0.91 <0.001 *

Sum of two rotations-SDR [◦] 13.56 ± 4.69 13.00 0.21 −0.57 4.00 23.00 0.98 0.114

Scoliotic deformation angle-SD [◦] 24.25 ± 12.09 21.80 1.42 3.33 0.00 69.80 0.88 <0.001 *

n—number, x—mean, SD—standard deviation, Me—median, Sk—skewness, Kurt—kurtosis, Min—the lowest
value, Max—the highest value, W—Shapiro–Wilk test, p—level of significance, *—statistical significance.

The results of the Shapiro-Wilk test appeared to be statistically significant for the
lumbar rotation angle-ATR L [◦] and for the scoliotic deformation angle-SD [◦] both before
and after the therapy. This meant that distributions of these variables differed from the
normal distribution. However, in the case of the lumbar rotation angle-ATR L [◦], the
value of the skewness did not exceed the absolute value of one, which indicated that the
asymmetry was insignificant. Therefore, the analyses for the trunk and lumbar rotation
angles-ATR Th [◦] and AR L [◦], and for the sum of two rotations-SDR [◦], were performed
based on parametric tests. Yet, for the scoliotic deformation angle-SD [◦], the skewness
exceeded the value of one. A detailed analysis showed that this value of skewness resulted
from the presence of two outliers (+ 3SD). Thus, for these variables, the analyses were based
on non-parametric tests.

3.3. Comparison of the Value of the Trunk Rotation Angle-ATR Th [◦], the Lumbar Rotation
Angle-ATR L [◦], the Sum of Two Rotations SDR [◦] and the Angle of Scoliotic Deformation-SD
[◦], before and after the Therapy

In the next step, it was checked whether the applied therapy influenced values of
the trunk rotation angle-ATR Th [◦], the lumbar rotation angle-ATR L [◦], the sum of
two rotations-SDR [◦] and the angle of scoliotic deformation-SD [◦]. For this purpose, the
Student’s t-test was performed for dependent samples and, in the case of the scoliotic
deformation angle, the non-parametric Wilcoxon test was performed. The analyses were
performed for all patients, taking into account the division into gender and type of scoliosis,
based on the King-Moe classification (Table 4).

The results appeared to be statistically significant for all tested variables. The values
of individual parameters, the trunk and lumbar rotation angles, the sum of two rotations
and the scoliotic deformation angle, were significantly lower after the therapy than before.
Differences in measurements were observed in both girls and boys, and in subjects with
scoliosis types I and II. Each of the differences between the measurements before and after
the therapy was significant.
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Table 4. Results of Student’s t-test for dependent samples and Wilcoxon’s test comparing individual
parameters measured with a scoliometer and Zebris, before and after therapy.

Before
Therapy

After
Therapy t/Z p 95% CI d

Cohena/r
¯
x

¯
x LL UL

Total (n = 81)

The trunk rotation angle-ATR Th [◦] 11.30 ± 4.63 8.51 ± 4.19 15.23 <0.001 * 2.43 3.15 1.69

The lumbar rotation angle-ATR L [◦] 7.75 ± 4.90 5.05 ± 4.18 12.55 <0.001 * 2.27 3.13 1.39

Sum of two rotations [◦] 19.05 ± 5.46 13.56 ± 4.69 19.17 <0.001 * 4.92 6.06 2.13

Scoliotic deformation angle-SD [◦] 37.06 ± 14.21 24.25 ± 12.09 −7.40 <0.001 * 10.63 14.99 0.58

Girls (n = 72)

The trunk rotation angle- ATR Th [◦] 11.03 ± 4.63 8.26 ± 4.18 14.01 <0.001 * 2.37 3.16 1.65

The lumbar rotation angle-ATR L [◦] 7.82 ± 4.94 5.07 ± 4.25 11.68 <0.001 * 2.28 3.22 1.38

Sum of two rotations [◦] 18.85 ± 5.47 13.33 ± 4.73 17.70 <0.001 * 4.89 6.13 2.09

Scoliotic deformation angle-SD [◦] 37.49 ± 13.83 24.38 ± 12.61 −6.96 <0.001 * 10.83 15.38 0.58

Boys (n = 9)

The trunk rotation angle-ATR Th [◦] 13.44 ± 4.28 10.44 ± 4.00 6.00 <0.001 * 1.85 4.15 2.00

The lumbar rotation angle-ATR L [◦] 7.22 ± 4.84 4.89 ± 3.82 4.95 0.001 * 1.25 3.42 1.65

Sum of two rotations [◦] 20.67 ± 5.39 15.33 ± 4.12 7.54 <0.001 * 3.70 6.96 2.51

Scoliotic deformation angle-SD [◦] 33.62 ± 17.46 23.16 ± 6.89 −2.67 0.008 * 1.63 19.30 0.63

Scoliosis type I (n = 27)

The trunk rotation angle-ATR Th [◦] 9.00 ± 4.09 6.33 ± 3.45 7.45 <0.001 * 1.93 3.40 1.43

The lumbar rotation angle-ATR L [◦] 9.67 ± 4.84 7.07 ± 4.20 9.66 <0.001 * 2.04 3.14 1.86

Sum of two rotations [◦] 18.67 ± 6.00 13.41 ± 4.94 11.73 <0.001 * 4.34 6.18 2.26

Scoliotic deformation angle-SD [◦] 35.57 ± 12.26 22.32 ± 9.24 −4.45 <0.001 * 9.29 17.20 0.61

Scoliosis type II (n = 54)

The trunk rotation angle-ATR Th [◦] 12.44 ± 4.49 9.59 ± 4.13 13.55 <0.001 * 2.43 3.27 1.84

The lumbar rotation angle-ATR L [◦] 6.80 ± 4.69 4.04 ± 3.82 9.34 <0.001 * 2.17 3.35 1.27

Sum of two rotations [◦] 19.24 ± 5.22 13.63 ± 4.60 15.22 <0.001 * 4.87 6.35 2.07

Scoliotic deformation angle-SD [◦] 37.81 ± 15.14 25.21 ± 13.26 −5.95 <0.001 * 9.90 15.29 0.57

n—number, x—mean, SD—standard deviation, t—t-test, Z—Wilcoxon test, p—level of significance, 95% CI—95%
Confidence Interval, LL—Lower Limit, UL—Upper Limit, d Cohena—effect size for Student’s t test for dependent
samples, r—effect size for Wilcoxon test, *—statistical significance.

3.4. Correlations between Parameters Measured with X-ray, Scoliometer and Scolioscan

In the next step, it was verified whether the measurements made with the use of a
scoliometer and Zebris computer system correlated with each other. For this purpose,
Spearman’s rho correlation analyses were performed. The parameters were compared
before and after therapy and for all observations in general. The results are presented in
Table 5.

The analysis showed six statistically significant correlations. For the measurements
performed before the therapy, a significant correlation was observed only in the case of the
sum of two rotations-SDR [◦]. In the case of measurements performed after the therapy,
statistically significant correlations concerned the trunk rotation angle-ATR Th [◦] and again
the sum of two rotations-SDR [◦]. On the other hand, the analysis performed for all mea-
surements in total showed that the angle of scoliotic deformation-SD [◦] was significantly
related to each of the results obtained with the use of the scoliometer. Parameters that were
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measured with the scoliometer were positively related to the scoliotic deformation angle,
which was measured with the Zebris computer system. Three of the statistically significant
correlations were weak and three were moderately strong.

Table 5. Correlation analysis for measurements made with a scoliometer and Zebris computer system.

Measurements Made with
a Scoliometer

Scoliotic Deformation Angle-SD [◦]-
Measurement Made with Zebris System

Before
Therapy
(n = 81)

After
Therapy
(n = 81)

Total
(n = 162)

The trunk rotation
angle-ATR Th [◦]

rho Spearman 0.21 0.24 0.33

significance 0.06 0.03 * <0.001 *

The lumbar rotation
angle-ATR L [◦]

rho Spearman 0.16 0.13 0.23

significance 0.16 0.26 0.003 *

Sum of two rotations [◦]
rho Spearman 0.28 0.32 0.44

significance 0.01 * 0.004 * <0.001 *
n—number, *—statistical significance.

3.5. Comparison of the Value of the Trunk Rotation Angle-ATR Th [◦], the Lumbar Rotation
Angle-ATR L [◦], the Sum of Two Rotations SDR [◦] and the Angle of Scoliotic Deformation-SD
[◦], before and after the Therapy Depending on the Dimensions of the Larger Curve

In the next step, it was verified whether, as a result of the therapy, in the groups distin-
guished by the dimensions of the larger curvature, the individual measured parameters
changed, i.e., the trunk rotation angle-ATR Th [◦], the lumbar rotation angle-ATR L [◦], the
sum of two rotations-SDR [◦] and the angle of scoliotic deformation-SD [◦]. The analyses
were carried out in groups distinguished according to the value of the larger Cobb angle (at
the level of the thoracic or lumbar spine). It was assumed that I◦ results were up to 24◦, II◦,
25–45◦, and III◦, above 45◦. Due to the very small number of individuals with I◦ (n = 4), the
analyses were performed only for those with II◦ and III◦. The Student’s t-test was used for
dependent samples, and, in the case of the scoliotic deformation angle, the non-parametric
Wilcoxon test was used (Table 6).

The results were statistically significant for all variables in every group. The values of
trunk and lumbar rotation angles [◦] (ATR Th and ATR L), sum of two rotations [◦] and
scoliotic deformation angle-SD [◦] were lower after the therapy compared to those before
the therapy. In both groups and for all variables, the observed differences were strong.

Table 6. Results of Student’s t-test for dependent samples and Wilcoxon’s test-comparison of individ-
ual parameters measured with the scoliometer and Zebris, before and after therapy, with division
into groups distinguished on the basis of the value of greater Cobb angle.

Before
Therapy

After
Therapy t/Z p 95% CI d

Cohena/r
¯
x

¯
x LL UL

II◦—Value of Greater Cobb Angle 25–45◦ (n = 56)

The trunk rotation angle-ATR Th [◦] 10.34 ± 4.36 7.91 ± 3.95 12.99 <0.001 * 2.05 2.80 1.74

The lumbar rotation angle-ATR L [◦] 7.18 ± 4.84 4.64 ± 4.05 10.05 <0.001 * 2.03 3.04 1.34

Sum of two rotations [◦] 17.52 ± 3.90 12.55 ± 3.60 16.07 <0.001 * 4.35 5.58 2.15

Scoliotic deformation angle-SD [◦] 32.92 ± 10.25 20.94 ± 8.91 −6.11 <0.001 * 9.56 14.41 0.58
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Table 6. Cont.

Before
Therapy

After
Therapy t/Z p 95% CI d

Cohena/r
¯
x

¯
x LL UL

III◦—Value of Greater Cobb Angle > 45◦ (n = 21)

The trunk rotation angle-ATR Th [◦] 14.14 ± 4.41 10.24 ± 4.40 10.18 <0.001 * 3.10 4.70 2.22

The lumbar rotation angle-ATR L [◦] 9.43 ± 5.08 6.43 ± 4.55 6.34 <0.001 * 2.01 3.99 1.38

Sum of two rotations [◦] 23.57 ± 6.64 16.67 ± 5.79 11.48 <0.001 * 5.65 8.16 2.51

Scoliotic deformation angle-SD [◦] 49.34 ± 16.89 32.85 ± 15.20 −3.88 <0.001 * 11.21 21.77 0.60

n—number, x—mean, SD—standard deviation, t—t-test, Z—Wilcoxon test, p—level of significance, 95% CI—95%
Confidence Interval, LL—Lower Limit, UL—Upper Limit, d Cohena—effect size for Student’s t test for dependent
samples, r—effect size for Wilcoxon test, *—statistical significance.

3.6. Comparison of the Value of the Trunk Rotation Angle-ATR Th [◦], the Lumbar Rotation
Angle-ATR L [◦], the Sum of Two Rotations SDR [◦] and the Angle of Scoliotic Deformation-SD
[◦], before and after the Therapy Depending on the Risser Sign Grade

The results were statistically significant for all variables in every group. The values of
trunk and lumbar rotation angles [◦] (ATR Th and ATR L), sum of two rotations [◦] and
scoliotic deformation angle-SD [◦] were lower after the therapy compared to those before
the therapy. In both groups and for all variables, the values were lower after the therapy
compared to those before the therapy independently of the Risser Sign Grade, the observed
differences were strong (Table 7).

Table 7. Results of Student’s t-test for dependent samples and Wilcoxon’s test-comparison of individ-
ual parameters measured with the scoliometer and Zebris, before and after therapy, with division
into groups distinguished on the basis of Risser Sign Grade.

Before
Therapy

After
Therapy t/Z p 95% CI d

Cohena/r
¯
x

¯
x LL UL

Risser Sign Grade 1 (n = 9)

The trunk rotation angle-ATR Th [◦] 11.89 ± 3.33 8.89 ± 4.14 4.24 0.002 * 1.37 4.63 1.41

The lumbar rotation angle-ATR L [◦] 8.44 ± 5.41 6.56 ± 4.77 3.69 0.006 * 0.71 3.07 1.23

Sum of two rotations [◦] 20.33 ± 7.50 15.44 ± 6.69 5.82 <0.001 * 2.95 6.83 1.94

Scoliotic deformation angle-SD [◦] 48.14 ± 14.10 33.73 ± 13.38 −2.67 0.008 * 8.67 20.15 0.63

Risser Sign Grade 2 (n = 15)

The trunk rotation angle-ATR Th [◦] 12.40 ± 5.14 9.67 ± 4.78 7.12 <0.001 * 1.91 3.56 1.84

The lumbar rotation angle-ATR L [◦] 7.40 ± 5.28 4.47 ± 4.24 5.12 <0.001 * 1.70 4.16 1.32

Sum of two rotations [◦] 19.80 ± 5.20 14.13 ± 3.93 8.16 <0.001 * 4.18 7.16 2.11

Scoliotic deformation angle-SD [◦] 39.16 ± 10.82 26.83 ± 11.69 −3.41 <0.001 * 8.13 16.53 0.62

Risser Sign Grade 3 (n = 36)

The trunk rotation angle-ATR Th [◦] 10.36 ± 4.82 7.83 ± 4.05 10.10 <0.001 * 2.02 3.04 1.68

The lumbar rotation angle-ATR L [◦] 8.17 ± 5.28 5.31 ± 4.68 8.34 <0.001 * 2.16 3.56 1.39

Sum of two rotations [◦] 18.53 ± 5.60 13.14 ± 4.77 12.38 <0.001 * 4.51 6.27 2.06

Scoliotic deformation angle-SD [◦] 34.87 ± 15.15 21.10 ± 11.18 −5.23 <0.001 * 10.83 16.70 0.62
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Table 7. Cont.

Before
Therapy

After
Therapy t/Z p 95% CI d

Cohena/r
¯
x

¯
x LL UL

Risser Sign Grade 4 (n = 21)

The trunk rotation angle-ATR Th [◦] 11.86 ± 4.37 8.67 ± 4.10 8.10 <0.001 * 2.37 4.01 1.77

The lumbar rotation angle-ATR L [◦] 7.00 ± 3.86 4.38 ± 2.84 7.11 <0.001 * 1.85 3.39 1.55

Sum of two rotations [◦] 18.86 ± 4.61 13.05 ± 4.12 10.24 <0.001 * 4.63 6.99 2.23

Scoliotic deformation angle-SD [◦] 34.57 ± 13.06 23.73 ± 11.61 −3.13 0.002 * 4.60 17.07 0.48

n—number, x—mean, SD—standard deviation, t—t-test, Z—Wilcoxon test, p—level of significance, 95% CI—95%
Confidence Interval, LL—Lower Limit, UL—Upper Limit, d Cohena—effect size for Student’s t test for dependent
samples, r—effect size for Wilcoxon test, *—statistical significance.

4. Discussion

The FED method is a relatively little-known method of treatment. It originated in
Spain, where most of the scientific reports on its effectiveness come from [8–11]. Conducted
studies have concerned mainly single cases or studies in smaller groups of patients. At
the time when the method became fairly common in Poland, projects concerning larger
research groups began to appear [12–14]. Today, many reports assessing its effectiveness in
the treatment of patients with idiopathic scoliosis come from Poland. The number of centers
using this type of treatment is constantly growing and the method has a large number of
supporters. The reports that appear, especially in recent years, prove its effectiveness in the
treatment of patients with idiopathic scoliosis [15].

Studies on the effectiveness of the FED method in the treatment of patients with
idiopathic scoliosis show a significant improvement in all measured parameters, both in
the examination with the scoliometer and with the Zebris system. These changes occurred
both in the transverse and frontal planes. It turned out to be important to correct not only
individual curves, but also the entire area of the spine in both tested planes. These studies
indicated a positive effect on the entire spine, in contrast to the existing therapeutic view
on the correction of one curve at the expense of deteriorating the other [16,17].

The use of traditional scoliometer examination and other posture parameters enable
the assessment of the effect of the undertaken treatment procedures, mainly focusing not
only on the diagnosis, but also on the effectiveness of individual methods and ways of
the therapy. However, there are more and more reports indicating that basic examination
(e.g., with a scoliometer) is insufficient. The impact of the therapy not only on the rotation of
individual curves, but also on the global rotation, should also be evaluated. For this reason,
summing parameters were used in the assessment of body posture. These are even less well
known, but more and more often they are willingly used to evaluate therapy and its effect
on the transverse plane [18–20]. A similar study, assessing the overall effect of therapy on
the entire spine, in terms of the frontal plane, involved the scoliotic deformation parameter
tested with the Zebris system. The conducted research demonstrated a correlation between
these two parameters, despite the fact that they relate to two different transverse and
frontal planes.

The project also investigated the impact of FED therapy on scoliotic deformations in
terms of its size. The modified SOSORT angular division was used, which divides scoliosis
on the basis of size assessed by the Cobb method on the radiograph. The studies showed a
significant improvement in all parameters, regardless of the size of the scoliosis.

The examinations showed an improvement in all the tested parameters at various
stages of bone maturity (Risser Sign Grade 1–4). Improvement was observed in all patients
after the use of the FED method, regardless of the Risser Sign Grade.

The harmfulness of radiological examinations has more and more frequently led to
the use of modern computer diagnostics to assess the posture [21–24]. These computer
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diagnostics allow for a harmless assessment of treatment stages, in terms of posture,
especially since they correlate with radiographic images [25]. However, a distinction
should be made here regarding when to use these two different examinations: radiological
examinations should be used to diagnose and assess the progression of scoliotic deformity,
and computer-based monitoring and evaluation should be used to diagnose and assess the
treatment course. Computer-based methods are probably an alternative to radiology, but
not in all respects. These two examinations differ from each other but should complement
each other. Carrying out diagnostic activities on various grounds results in better control
of scoliotic deformation progressing to impaired quality of life or to surgery, which often
causes complications, and which we would like to avoid in the treatment of patients with
idiopathic scoliosis [26].

Due to the nature of the therapy, the patients’ follow-up was short-term. However,
it would be worth performing repeated examinations at a longer time interval. The FED
method is relatively new in Poland, so such studies should be carried out, especially related
to the assessment of the impact of the method on the sagittal plane of the posture. It requires
further analyses supplemented with long-term follow-up in a larger group of patients. A
3-month and 6-month follow-up examination is planned.

5. Conclusions

All assessed parameters of posture examination, both with the scoliometer and the
Zebris system, showed a statistically significant improvement in patients treated with the
FED method. Statistical improvement occurred both in boys and girls, as well as in all types
of scoliosis. The analysis showed the occurrence of statistically significant correlations
between the parameters of the posture examination with a scoliometer and the computer
examination. The examinations showed that the FED method had a statistically significant
effect on the improvement of all parameters of posture examination, regardless of the size of
the scoliotic deformation angle and bone maturity. However, due to the short observation
time, this method requires further research with a long follow-up period.
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16. Trzcińska, S.; Kuszewski, M.; Koszela, K. Analysis of Posture Parameters in Patients with Idiopathic Scoliosis with the Use of 3D
Ultrasound Diagnostics—Preliminary Results. Int. J. Environ. Res. Public Health 2022, 19, 4750. [CrossRef] [PubMed]

17. Białek, M.; Kotwicki, T.; M’hango, A.; Szulc, A. Angle of trunk rotation in primary and compensatory scoliotic curve in children
after individual rehabilitation with FITS method. Ann. Acad. Med. Siles. 2007, 61, 45–48.
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Health-Related Quality of Life after Fractures of the Distal
Forearm in Children and Adolescents—Results from a Center in
Switzerland in 432 Patients
Thoralf Randolph Liebs * , Alex Lorance , Steffen Michael Berger, Nadine Kaiser and Kai Ziebarth

Inselspital, Department of Paediatric Surgery, University of Bern, 3010 Bern, Switzerland
* Correspondence: liebs@liebs.eu; Tel.: +41-31-632-21-11

Abstract: (1) Background: We aimed to evaluate the health-related quality of life (HRQoL) in children
with fractures of the distal forearm and to assess if HRQoL was associated with fracture classification;
(2) Methods: We followed up on 432 patients (185 girls, 247 boys) who sustained a fracture of the
distal radius or forearm from 1/2007 to 6/2007, 1/2014 to 6/2014, and 11/2016 to 10/2017. Patients
filled in the Quick-DASH (primary outcome) and the Peds-QL; (3) Results: The radius was fractured
in 429 and the ulna in 175 cases. The most frequent injury of the radius was a buckle fracture (51%,
mean age 8.5 years), followed by a complete metaphyseal fracture (22%, 9.5 years), Salter-Harris-2
fracture (14%, 11.4 years), greenstick fracture (10%, 9.3 years), Salter-Harris-1 fracture (1%, 12.6 years),
and other rare injuries. The most common treatment was closed reduction and an above-elbow cast
in 138 cases (32%), followed by a cast without reduction (30%), splint (28%), and K-wire fixation
and cast (9%). Definite treatment was performed initially in 95.8%, a new cast or cast wedging was
performed in 1.6%, and revision surgery was performed in 2.5%. There were no open reductions and
no plate fixations. After a mean follow-up of 4.2 years, patients with buckle fractures had a mean
Quick-DASH of 3.3 (scale of 0–100) (complete fracture: 1.5; greenstick: 1.5; SH-1: 0.9; SH-2: 4.1; others:
0.9). The mean function score of the PedsQL ranged from 93.0 for SH-2 fractures to 97.9 for complete
fractures; (4) Conclusions: In this cohort of 432 children with fractures of the distal forearm, there was
equally good mean mid- and long-term HRQoL when assessed by the Quick-DASH and the PedsQL.
There was a trend for children with complete metaphyseal fractures reporting better HRQoL than
patients with buckle fractures or patients with Salter-Harris II fractures, however, these differences
were not statistically significant nor clinically relevant.

Keywords: fracture; forearm; radius; ulna; surgery; conservative treatment; health-related quality
of life

1. Introduction

In children, fractures of the distal forearm are remarkably common. In most cases, they
are the result of a fall on the outstretched hand. These fractures include buckle fractures,
greenstick fractures, complete metaphyseal fractures, and fractures involving the growth
plate. The latter are commonly classified according to Salter and Harris.

It appears accepted, that non-displaced fractures are treated with a cast, while a long-
arm cast is traditionally used for unstable fractures, and a short-arm cast is used for stable
fractures [1].

The treatment of displaced distal metaphyseal fractures is less clear. Several aspects
have to be taken into account when treating these fractures in children who have open
growth plates. These factors include—but are not limited to—the classification of the
fracture, the age of the patient, the amount of dislocation in the frontal or lateral plane,
the expected remaining growth potential [1], concomitant injuries, and expectations from
both the children and the parents. As this list contains factors such as the age of the patient
and the remaining growth potential, it is easy to understand that treatment decisions
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for these fractures are far more complex than in adults, where these parameters are not
applicable. Therefore, it is easy to understand, that currently there are no evidence based
recommendations regarding the treatment of these injuries depending on patient age,
remaining growth, fracture classification and fracture dislocation [2].

Many authors report good results when reducing these fractures with some sort
of sedation and/or analgesia and using fixation with a long-arm cast. Some authors
recommend an additional K-wire to maintain a reduction in the cast [1]. Even other authors
report the use of open reduction and fixation with plates [3,4].

Salter-Harris II fractures are of particular concern as these comprise the majority of
physical injuries [5].

In paediatric orthopaedics, traditionally outcome assessment is performed radiograph-
ically. For instance, good results are reported when the radiographs demonstrate a good
position. However, radiographs might not necessarily capture the subjective outcome as-
sessment of the child. In order to capture the treatment result from the patient’s perspective,
patient-reported outcome measures (PROMs) have been increasingly used recently. It has
been stated that “the ultimate goal of health care is to restore or preserve functioning and
well-being related to health, that is health-related quality of life” [6].

There is a lack of studies assessing PROMs in children after they have sustained a
fracture of the distal forearm. It is also unknown if the health-related quality of life (HRQoL)
differs by fracture classification, fracture severity, or treatment performed.

Therefore, we have initiated this study to evaluate the HRQoL in children who
have sustained a fracture of the distal forearm. In addition, we evaluated if HRQoL
was associated with fracture classification, fixation method, secondary displacement, or
revision surgery.

2. Materials and Methods

This is a retrospective analysis, in which patients who were treated for a distal fracture
of the forearm were contacted by postal mail. The regional ethics committees gave their
approval to the study protocol (both the ethcis committees of the Paediatric Clinics of
Inselspital, University of Bern, and the Ethics Commission of the Canton of Bern).

There are some methodological similarities to sister studies in which the health-related
quality of life (HRQoL) after fractures of the femur [7], lateral third of the clavicle [8],
fractures of the proximal humerus [9], or supracondylar fractures of the humerus [10] in
children and adolescents were assessed.

2.1. Patients

All sequential patients with an age of up to 16 years, who sustained a fracture of the dis-
tal radius or forearm from January to June 2007, January to June 2014, and November 2016
to October 2017 and who were treated at our institution were candidates for inclusion in
the study. Serving more than a million people, our facility is among the leading pediatric
trauma centers in Switzerland.

Patients were identified on the basis of radiological reports within our Picture Archiv-
ing and Communication System.

Exclusion criteria were: (1) other significant trauma requiring therapy, (2) initial
treatment performed outside our institution, (3) incapacity to complete the questionnaires
because of the language barrier or cognitive limitations (Figure 1).

2.2. Radiological Analysis

Initially, all images were assessed by paediatric radiologists. As a second step, all frac-
tures were categorized using the radiological AO classification system [11]. Interobserver
bias was prevented by having one of the authors (A.L.), who did not know the patient’s
clinical outcome, perform this step. Radiographs were also assessed regarding growth
arrest. If that author had doubts about his assessment, he contacted the principal author. In
all these cases, the doubts could be clarified. Since the author who classified the images
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gained more and more experience in assessing the images, he reclassified all images a
second time, thereby limiting the probability of intraobserver error.
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2.3. Data Collection

Starting in February 2018, we mailed study-related information, a consent form, and
questionnaires to the participants (or their parents, depending on their age at the time)
(Figure 1). Participants who did not reply received three postal-mail-based reminders.
To find out why they were not replying, participants who were not yet responding were
phoned. At that time, an attempt was made to administer the survey over the phone [10].

As in the sister studies [8–10], we used the disease-specific Quick-DASH (Disabilities
of the Arm, Shoulder and Hand) in a validated translation [12,13] as the primary outcome
measure. Responses were recorded on a five point Likert scale. Scores were standardised
to 0–100, with higher scores indicating more disability. If more than 10% of the items were
unanswered, a Quick-DASH score was regarded as missing.

We have chosen the validated translated version of the Paediatric Quality of Life
Inventory (PedsQL) as a secondary outcome [14]. Higher scores indicated more physical or
social function, and scores ranged from 0–100.

Radiographs and the patient’s chart were used to gather information on the patient’s
demographics, the dates of the injury, the side (right/left), and the chosen treatment. We
included questions about handedness and concurrent injuries in the survey [8–10].
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We were able to follow up on 432 patients (185 girls, 247 boys) who sustained a
fracture of the distal radius or forearm from January to June 2007, January to June 2014,
and November 2016 to October 2017, at an average age of 9.3 (SD 3.7) years.

2.4. Treatment Algorithm
2.4.1. Initial Treatment

Non reduction and casting:
If the fracture was not dislocated, we used casting only.
Reduction and casting:
If the fracture was dislocated and the fracture was stable after reduction, we applied

an upper-arm cast.
CRPP:
If the fracture was dislocated and the fracture was not stable after reduction, we

reduced the fracture and used a percutaneous (unburied) retrograde applied K-wire that
was introduced at the tip of the styloid process of the radius and exited the radius proximal
of the fracture through the cortex (bicortical fixation). Usually, only one wire was used in
order to keep the trauma to the growth-plate to a minimum. A cast was then applied.

If there is adequate pain control and no compromise in perfusion or nerve function,
we avoid to perform surgery after midnight and postpone it to the next day [15].

2.4.2. Further Treatment

If the fracture was reduced but no K-wire fixation was used, we perform a radiographic
follow-up after 5–7 days in order to exclude a secondary dislocation within the cast.

The cast is usually applied for a period of 4 weeks in patients younger than 10 years
and for 5 weeks in patients older than 10 years.

After that time a clinical and radiological follow-up is performed and it is decided if the
cast treatment can be discontinued. If a K-wire has been used, typically it can be removed
during an outpatient procedure using nitrous oxide and/or nasally applied fentanyl. If
the range of motion is restricted, patients are invited back for another appointment after
four weeks. Physiotherapy is only taken into consideration at that time. As—in our
experience—these cases are rare, they do not justify routine physiotherapy after these
common fractures [16].

Neurapraxias are monitored until they resolve spontaneously. Since transient trau-
matic neurapraxia is frequently noted in this population, these were not considered as
complications [10].

2.5. Statistical Analysis

First, we analysed the outcome measures, such as Quick-DASH and PedsQL. Then,
we looked for associations between HRQoL and radiological fracture type.

In our dataset, most outcome measures demonstrated a clear ceiling effect—that is,
most cases were clustered close to the best conceivable outcome. Such distributions can not
be adequately visualized using standard box plots. For this reason, we have selected violin
plots instead. In violin plots, the width of the graph represents the probability density of
the data (comparable to a mirrored histogram rotated by 90 degrees), allowing a suitable
graphical representation [10].

All p-values are two-tailed. We did not perform corrections for multiple comparisons.
Statistical analysis was performed using Statistical Package for the Social Sciences (SPSS
Inc., Chicago, IL, USA) and R [17].

3. Results

The radius was fractured in 429 cases and the ulna in 175 cases. Both bones were frac-
tured in 173 cases. The most frequent injury of the radius was a buckle fracture (222 children,
51 percent, mean age 8.5 years), followed by a complete metaphyseal fracture (93 children,
22 percent, 9.5 years), Salter-Harris type 2 fracture (62 children, 14 percent, 11.4 years), green-
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stick fracture (42 children, 10 percent, 9.3 years), Salter-Harris type 1 fracture (5 children,
1%, 12.6 years), and other less frequent injuries (Salter-Harris type 4 (n = 1), Peterson type 1
(n = 2), complex (n = 2)).

The most common treatment was a closed reduction and the application of an above
elbow cast in 138 cases (32 percent), followed by a cast without prior reduction (129 children,
30 percent), splint (119 children, 28 percent), and closed reduction with K-wire fixation
and above elbow cast (39 cases, 9 percent). Definite treatment was performed initially
in 95.8 percent of children, a modification (new cast or cast wedging) was performed in
7 cases (1.6 percent), and revision surgery was performed in 11 cases (2.5 percent). There
were no open reductions and there was no plate osteosynthesis (Table 1).

After a mean follow-up of 4.2 years, patients with a buckle fracture had a mean Quick-
DASH of 3.3, at a scale of 0–100, with lower values representing better HRQoL (complete
fracture: 1.5; greenstick: 1.5; Salter-Harris type 1: 0.9; Salter-Harris type 2: 4.1; others: 0.9).
The mean function score of the PedsQL ranged from 93.0 for SH-2 fractures to 97.9 for
complete fractures, at a scale of 0–100, with higher values representing better HRQoL
(Table 2, Figure 2).

A graphical presentation of the physical and the social function score of the Peds-QL
is given in Figures 3 and 4.

There was no statistically significant difference in the association between HRQoL
and AO radiological classification or type of surgical treatment. In addition, there were no
statistically significant associations between HRQoL and the need for revision surgery in
the univariate analysis (Figure 5).

There were no complications requiring interventions, revision surgery, or manipula-
tion. There was no growth arrest.
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Figure 5. The primary outcome Quick-DASH at follow-up by revision. Please note that patients with
impression/buckle fractures are excluded, since a revision is not performed in those fractures.

4. Discussion

This study clearly showed that the treatment protocol described in this study for
children with a fracture of the distal forearm is associated with good health-related quality
of life (HRQoL) as measured with the Quick-DASH and the Peds-QL at a mean of 4.2 years
follow-up. Our analysis of this injury is one of the largest in the literature and one of the
few assessing the HRQoL in this population. These excellent results were independent of
radiological fracture type, or treatment performed.

4.1. Health-Related Quality of Life and Radiological Fracture Type

The main focus of our study was to report the HRQoL of our population who were
treated according to our treatment regime. As could be shown, the results are—on the
whole—remarkably good with only minor differences between study groups.

As the most common injury of the radius was a buckle fracture (51%), which is
considered to heal without any sequela, we initially considered to exclude this group in
our study. However, we reckoned that this group might serve as an appropriate control
group since we expected worse HRQoL in the children who sustained other fracture types.
To our surprise, patients with buckle fractures had a mean Quick-DASH of 3.3 on a scale of
0–100, which was worse than the HRQoL of the complete metaphyseal fractures (Quick-
DASH 1.5), the greenstick fractures (1.5), or the Salter-Harris-1 fractures (0.9). Only the
Salter-Harris-2 fracture had a slightly worse HRQoL (4.1) when compared to the buckle
fractures. However, it must be noted that the differences are slight and should therefore
not be overinterpreted. Further studies are needed to assess if these non-perfect numbers
for buckle fractures can be indeed attributed to the fracture, or if it is just random noise
that is inherent to the recording of the outcome measure.

If only a cast fixation has been chosen there is a risk of a secondary dislocation. For
this reason, we always aim to follow up patients with a risk for a secondary disloca-
tion at 5–7 days after cast application. As could be seen from the results, a modification
(new cast or cast wedging) was performed in 7 cases (1.6 percent), and revision surgery
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was performed in 11 cases (2.5 percent). We, therefore, asked if the HRQoL was inferior
in this patient group. As can be seen in Figure 5, there was a good HRQoL in the pa-
tients undergoing cast wedging and a slightly inferior HRQoL in the patients who have
undergone revision surgery. Further analysis revealed that among that group, patients
with a Salter-Harris 2 fracture had slightly worse scores; however, those scores were not
statistically significant.

We tried to compare our results to the literature. Unfortunately, we were no able to find
many other studies assessing outcome measures such as the Quick-DASH or the Peds-QL
in patients who had undergone a fracture of the distal radius or forearm. Musters et al.
reported DASH scores for 51 children who underwent either above or below elbow cast
for mainly greenstick fractures of the distal forearm and reported DASH scores of 2.1 and
4.4. for these groups [18]. Peterlein et al. [19] reported a remarkably good mean DASH
score of 0.4 in 90 patients who had undergone elastic-stable intramedullary nailing (ESIN)
of diaphyseal forearm fractures in childhood fractures. In addition, there are two study
protocols for fractures of the forearm shaft [20] or metaphyseal [21], but no results yet.
Overall, our Quick-DASH is comparable to the few other studies published up to this time,
although patient numbers in that studies are much smaller and different fractures were
examined.

4.2. Limitations

Our observations must be interpreted in light of several limitations, which apply to
the sister studies [7–10] as well: First, as this was a mono-centre study it could be argued
that external validity is limited. However, a bias in the run-in phase is unlikely because
we are the only hospital in a large geographic area addressing paediatric trauma and we
included all consecutive cases, making a high external validity probable [8]. However,
given that there is significant diversity in orthopaedic treatments across and within nations,
we are aware that no single study is capable of giving full external validity [22]. Second,
the radiographs under examination were not specially prepared for this analysis; they
were just made routinely. Therefore, the setting of these radiographs is comparable to the
situation of the clinician [8]. Since the individual classifying the fractures was unaware
of the patient’s clinical outcome, the radiological assessment could be viewed as being
blinded [8]. Third, due to its retrospective design, this study suffers from methodological
weaknesses common in this design. This includes for example no intermediate data points
and missing data on the HRQoL prior to the injury. Although the latter is viewed as a
methodological flaw in research analyzing adult fractures, this does not always hold true
for paediatric fractures because children typically do not have physical limits prior to
the injury and we excluded children with prior or concurrent injuries. Therefore, it is
reasonable to believe that limitations of the disease-specific outcome measure are in fact
attributable to the injury [8]. Fourth, the Quick-DASH has not yet been formally validated
in this age group and in some cases the parents filled in the questionnaire based on their
assessments of their children’s functioning (by proxy). However, the Quick-DASH has been
used by numerous authors for the evaluation of paediatric other upper extremity fractures
before [23–34]. Consequently it appears, that the DASH/Quick-DASH is most widely
utilized outcome measure for paediatric upper extremity fractures. Fifth, our follow-up
rate was 80%, which is just the recommended rate for follow-ups. However, most other
studies we are aware of have a similar or lower rate of follow-up, e.g., [25,35–37]. To
our knowledge, no study that examined distal forearm fractures was able to evaluate the
HRQoL in as many children as did our investigation (n = 432). Sixth, although we had a
large sample size it is possible that we missed existing associations of HRQoL to fracture
patterns or treatment chosen. Given the excellent results of the overall group, which even
exhibits a ceiling effect, it is unlikely that any such association would become clinically
relevant. Seventh, we analyzed children of different time periods, as we assumed there
might be differences over time. However, that topic will be the subject of further analysis
in the future.
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5. Conclusions

In conclusion, we report that children who sustained a fracture of the distal radius or
forearm and who were treated according to this protocol had an excellent health-related
quality of life. These findings show that the treatment protocol followed in this study is
clear, does not include open reductions or plate fixations, and is associated with excellent
treatment outcomes for this frequent injury.
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2. Bašković, M. Acceptable Angulation of Forearm Fractures in Children. Rev. Esp. Cir. Ortop. Traumatol. 2022, S1888-4415.

[CrossRef] [PubMed]
3. Di Giacinto, S.; Pica, G.; Stasi, A.; Scialpi, L.; Tomarchio, A.; Galeotti, A.; Podvorica, V.; dell’Unto, A.; Meccariello, L. The challenge

of the surgical treatment of paediatric distal radius/forearm fracture: K wire vs plate fixation—Outcomes assessment. Med. Glas
2021, 18, 208–215.

4. Cha, S.M.; Shin, H.D. Buttress plating for volar Barton fractures in children: Salter–Harris II distal radius fractures in sagittal
plane. J. Pediatr. Orthop. B 2019, 28, 73–78. [CrossRef]

5. Larsen, M.C.; Bohm, K.C.; Rizkala, A.R.; Ward, C.M. Outcomes of Nonoperative Treatment of Salter-Harris II Distal Radius
Fractures: A Systematic Review. Hand 2016, 11, 29–35. [CrossRef]

6. Osoba, D.; King, M. Meaningful differences. In Assessing Quality of Life in Clinical Trials; Fayers, P., Hays, R.D., Eds.; Oxford
University Press: Oxford, UK, 2005; pp. 243–257.

7. Liebs, T.R.; Meßling, A.; Milosevic, M.; Berger, S.M.; Ziebarth, K. Health-Related Quality of Life after Adolescent Fractures of the
Femoral Shaft Stabilized by a Lateral Entry Femoral Nail. Children 2022, 9, 327. [CrossRef]

8. Liebs, T.; Ryser, B.; Kaiser, N.; Slongo, T.; Berger, S.; Ziebarth, K. Health-related Quality of Life After Fractures of the Lateral Third
of the Clavicle in Children and Adolescents. J. Pediatr. Orthop. 2019, 39, e542–e547. [CrossRef]

9. Liebs, T.R.; Rompen, I.; Berger, S.M.; Ziebarth, K. Health-related quality of life after conservatively and surgically-treated
paediatric proximal humeral fractures. J. Child. Orthop. 2021, 15, 204–214. [CrossRef] [PubMed]

10. Liebs, T.R.; Burgard, M.; Kaiser, N.; Slongo, T.; Berger, S.; Ryser, B.; Ziebarth, K. Health-related quality of life after paediatric
su-pracondylar humeral fractures. Bone Jt. J. 2020, 102-B, 755–765. [CrossRef]

11. Slongo, T.; Audige, L.; AO Paediatric Classification Group (Eds.) Distal metaphyseal fractures (13-M). In AO Pediatric Comprehen-
sive Classification of Long-Bone Fractures (PCCF); AO Foundation: Davos, Switzerland, 2007; p. 15.

12. Bot, S.D.; Terwee, C.B.; van der Windt, D.A.; Bouter, L.M.; Dekker, J.; de Vet, H.C. Clinimetric evaluation of shoulder disability
ques-tionnaires: A systematic review of the literature. Ann. Rheum Dis. 2004, 63, 335–341. [CrossRef] [PubMed]

13. Germann, G.; Harth, A.; Wind, G.; Demir, E. Standardisation and validation of the German version 2.0 of the Disability of Arm,
Shoulder, Hand (DASH) questionnaire. Unfallchirurg 2003, 106, 13–19. [CrossRef] [PubMed]

14. Mahan, S.T.; Kalish, L.A.; Connell, P.L.; Harris, M.; Abdul-Rahim, Z.; Waters, P. PedsQL Correlates to PODCI in Pediatric
Orthopaedic Outpatient Clinic. J. Pediatr. Orthop. 2014, 34, e22–e26. [CrossRef] [PubMed]

15. Schmid, T.; Joeris, A.; Slongo, T.; Ahmad, S.S.; Ziebarth, K. Displaced supracondylar humeral fractures: Influence of delay
of surgery on the incidence of open reduction, complications and outcome. Arch. Orthop. Trauma. Surg. 2015, 135, 963–969.
[CrossRef] [PubMed]

155



Children 2022, 9, 1487

16. Caruso, G.; Caldari, E.; Sturla, F.D.; Caldaria, A.; Re, D.L.; Pagetti, P.; Palummieri, F.; Massari, L. Management of pediatric forearm
fractures: What is the best therapeutic choice? A narrative review of the literature. Musculoskelet. Surg. 2020, 105, 225–234.
[CrossRef] [PubMed]

17. R Development Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing:
Vienna, Austria, 2008.

18. Musters, L.; Diederix, L.W.; Roth, K.C.; Edomskis, P.P.; Kraan, G.A.; Allema, J.H.; Reijman, M.; Colaris, J.W. Below-elbow cast
sufficient for treatment of minimally displaced metaphyseal both-bone fractures of the distal forearm in children: Long-term
results of a randomized controlled multicenter trial. Acta Orthop. 2021, 92, 468–471. [CrossRef]

19. Peterlein, C.-D.; Modzel, T.; Hagen, L.; Ruchholtz, S.; Krüger, A. Long-term results of elastic-stable intramedullary nailing (ESIN)
of diaphyseal forearm fractures in children. Medicine 2019, 98, e14743. [CrossRef]

20. Grahn, P.; Sinikumpu, J.-J.; Nietosvaara, Y.; Syvänen, J.; Salonen, A.; Ahonen, M.; Helenius, I. Casting versus flexible in-
tramedullary nailing in displaced forearm shaft fractures in children aged 7–12 years: A study protocol for a randomised
controlled trial. BMJ Open 2021, 11, e048248. [CrossRef]

21. Laaksonen, T.; Stenroos, A.; Puhakka, J.; Kosola, J.; Kautiainen, H.; Rämö, L.; Nietosvaara, Y. Casting in finger trap traction
without reduction versus closed reduction and percutaneous pin fixation of dorsally displaced, over-riding distal metaphyseal
radius fractures in children under 11 years old: A study protocol of a randomised controlled trial. BMJ Open 2021, 11, e045689.
[CrossRef]

22. Ackerman, I.N.; Dieppe, P.A.; March, L.M.; Roos, E.M.; Nilsdotter, A.K.; Brown, G.C.; Sloan, K.E.; Osborne, R.H. Variation in age
and physical status prior to total knee and hip replacement surgery: A comparison of centers in Australia and Europe. Arthritis
Care Res. 2009, 61, 166–173. [CrossRef]

23. Al Aubaidi, Z.; Pedersen, N.W.; Nielsen, K.D. Radial neck fractures in children treated with the centromedullary Metaizeau
technique. Injury 2012, 43, 301–305. [CrossRef]

24. Lawrence, J.T.; Patel, N.M.; Macknin, J.; Flynn, J.M.; Cameron, D.; Wolfgruber, H.C.; Ganley, T.J. Return to competitive sports after
medial epicondyle fractures in adolescent athletes: Results of operative and nonoperative treatment. Am. J. Sports Med. 2013, 41,
1152–1157. [CrossRef] [PubMed]

25. Isa, A.D.; Furey, A.; Stone, C. Functional outcome of supracondylar elbow fractures in children: A 3- to 5-year follow-up. Can. J.
Surg. 2014, 57, 241–246. [CrossRef] [PubMed]

26. Marengo, L.; Canavese, F.; Cravino, M.; De, R.V.; Rousset, M.; Samba, A.; Mansour, M.; Andreacchio, A. Outcome of Displaced
Fractures of the Distal Metaphyseal-Diaphyseal Junction of the Humerus in Children Treated With Elastic Stable Intramedullary
Nails. J. Pediatr. Orthop. 2014, 35, 611–616. [CrossRef]

27. Moraleda, L.; Valencia, M.; Barco, R.; Gonzalez-Moran, G. Natural history of unreduced Gartland type-II supracondylar fractures
of the humerus in children: A two to thirteen-year follow-up study. J. Bone Jt. Surg. Am. 2013, 95, 28–34. [CrossRef]

28. Belthur, M.V.; Iobst, C.A.; Bor, N.; Segev, E.; Eidelman, M.; Standard, S.C.; Herzenberg, J.E. Correction of Cubitus Varus After
Pediatric Supracondylar Elbow Fracture: Alternative Method Using the Taylor Spatial Frame. J. Pediatr. Orthop. 2016, 36, 608–617.
[CrossRef]

29. Davids, J.R.; Lamoreaux, D.C.; Brooker, R.C.; Tanner, S.L.; Westberry, D.E. Translation step-cut osteotomy for the treatment of
post-traumatic cubitus varus. J. Pediatr. Orthop. 2011, 31, 353–365. [CrossRef] [PubMed]

30. Smith, J.T.; McFeely, E.D.; Bae, D.S.; Waters, P.M.; Micheli, L.J.; Kocher, M.S. Operative Fixation of Medial Humeral Epicondyle
Fracture Nonunion in Children. J. Pediatr. Orthop. 2010, 30, 644–648. [CrossRef] [PubMed]

31. Schulz, J.; Moor, M.; Roocroft, J.; Bastrom, T.P.; Pennock, A.T. Functional and Radiographic Outcomes of Nonoperative Treatment
of Displaced Adolescent Clavicle Fractures. J. Bone Jt. Surg. 2013, 95, 1159–1165. [CrossRef]

32. Namdari, S.; Ganley, T.J.; Baldwin, K.; Sampson, N.R.; Hosalkar, H.; Nikci, V.; Wells, L. Fixation of Displaced Midshaft Clavicle
Fractures in Skeletally Immature Patients. J. Pediatr. Orthop. 2011, 31, 507–511. [CrossRef]

33. Randsborg, P.-H.; Fuglesang, H.F.S.; Røtterud, J.H.; Hammer, O.-L.; Sivertsen, E.A. Long-term Patient-reported Outcome After
Fractures of the Clavicle in Patients Aged 10 to 18 Years. J. Pediatr. Orthop. 2014, 34, 393–399. [CrossRef]

34. Bogdan, A.; Quintin, J.; Schuind, F. Treatment of displaced supracondylar humeral fractures in children by humero-ulnar external
fixation. Int. Orthop. 2016, 40, 2409–2415. [CrossRef] [PubMed]

35. Ernat, J.; Ho, C.; Wimberly, R.L.; Jo, C.; Riccio, A.I. Fracture Classification Does Not Predict Functional Outcomes in Supracondylar
Humerus Fractures: A Prospective Study. J. Pediatr. Orthop. 2017, 37, e233–e237. [CrossRef] [PubMed]

36. McKee, M.D.; Kim, J.; Kebaish, K.; Stephen, D.J.; Kreder, H.J.; Schemitsch, E.H. Functional outcome after open supracondylar
fractures of the humerus. The effect of the surgical approach. J. Bone Jt. Surg. Br. 2000, 82, 646–651. [CrossRef] [PubMed]

37. Wang, S.I.; Kwon, T.Y.; Hwang, H.P.; Kim, J.R. Functional outcomes of Gartland III supracondylar humerus fractures with early
neurovascular complications in children: A retrospective observational study. Medicine 2017, 96, e7148. [CrossRef]

156



Citation: Geisbüsch, A.;

Klotz, M.C.M.; Putz, C.;

Renkawitz, T.; Horsch, A. Mid-Term

Results of Distal Femoral Extension

and Shortening Osteotomy in

Treating Flexed Knee Gait in Children

with Cerebral Palsy. Children 2022, 9,

1427. https://doi.org/10.3390/

children9101427

Academic Editor: Erich Rutz

Received: 27 July 2022

Accepted: 16 September 2022

Published: 20 September 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

children

Article

Mid-Term Results of Distal Femoral Extension and Shortening
Osteotomy in Treating Flexed Knee Gait in Children with
Cerebral Palsy
Andreas Geisbüsch 1,*, Matthias C. M. Klotz 2, Cornelia Putz 1, Tobias Renkawitz 1 and Axel Horsch 1

1 Department of Orthopedics, Heidelberg University Hospital, 69118 Heidelberg, Germany
2 Marienkrankenhaus Soest, Orthopedics and Trauma Surgery, 59594 Soest, Germany
* Correspondence: andreas.geisbuesch@med.uni-heidelberg.de

Abstract: Background: Distal femoral extension and shortening osteotomy (DFESO) seems to be an
effective method for the treatment of flexed knee gait in children with cerebral palsy. Nevertheless,
studies investigating the mid- and long-term outcomes after such procedures are lacking in the
literature. Therefore, the purpose of this study was to assess the mid-term outcomes regarding
sagittal plane kinematics of the knee after DFESO with or without concomitant patella advancement.
Furthermore, an evaluation of the postoperative course and possible recurrence of flexed knee
gait was planned. Methods: In a prospective observational study, 19 patients (28 limbs; mean age
11.8 years (6.7–16.0 years)) were examined using 3-D gait analysis and clinical exam before (E0)
and at a mean of 38 months (E2: 24–55 months) after surgery. Fifteen patients (22 limbs) had an
additional first postoperative gait analysis (E1) after a mean of 14 (10–20) months after surgery. In
these patients, the postoperative changes between the short-term and mid-term gait analyses were
evaluated. Results: DFESO led to a significant decrease in flexed knee gait with an improvement in
sagittal plane kinematics during the stance phase. In addition, a slightly increased anterior pelvic tilt
was observed at E1, and we found a tendency towards stiff knee gait with a decrease in mean knee
flexion in swing at E2. Conclusions: DFESO led to a significant improvement in flexed knee gait in
children with cerebral palsy. The therapeutic effect seems to be lasting on mid-term follow-up with a
slight overall tendency to recurrence.

Keywords: distal femoral extension; shortening osteotomy; DEFSO; cerebral palsy

1. Introduction

Flexed knee gait is one of the most common gait patterns in children with cere-
bral palsy. It impairs gait and leads to increased energy consumption and restriction of
ambulation [1]. Apart from the restrictions in gait and self-independence, flexed knee gait
may cause anterior knee pain due to increased pressure on the anterior part of the knee and
chondromalacia [2]. One of the main pathologic findings in patients showing flexed knee
gait is an abnormal tone and/or shortening of the hamstrings [1]. Therefore, lengthening of
the hamstrings as a part of single-event multilevel surgery (SEMLS) has been successfully
performed for this condition for many years [3–7]. Despite good short- and mid-term
results after hamstring lengthening, deterioration in gait and recurrence of flexed knee gait
have been reported [8]. A further side effect of hamstring lengthening is an increase in
anterior pelvic tilt, which might mediate the recurrence of flexed knee gait [9–11]. Attempts
to convert the muscle group into a monoarticular function also showed no improvement in
pelvic inclination [8,12]. Over the past years, an increasing number of studies reported the
results of treatment of flexed knee gait through distal femoral extension osteotomy with
or without shortening of the femur [13–17]. The procedure showed promising short-term
results with excellent correction of flexed knee gait [13,18,19]. However, the correction also
seems to have an impact on the anterior pelvic inclination [19]. This increase in pelvic tilt
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might be due to a decreased stabilization of the pelvis due to the relative and functional
lengthening of the hamstrings [20]. In addition to that, the tilt of the pelvis also depends on
the muscle tone of the rectus femoris, which acts as an antagonist to the hamstrings [8,16].
Nevertheless, in a previous study, Klotz et al. found that simultaneous recession of the
rectus femoris could not prevent an increase in anterior pelvic tilt after distal femoral
extension and shortening osteotomy [19]. Reports on mid-term and long-term results of
DFESO are still scarce [21,22].

Boyer et al. reported the first long-term results of DFESO with patella tendon ad-
vancement in crouch gait. They reported a superior effect of DFESO plus patella tendon
advancement compared to other methods and significantly less recurrence of flexed knee
gait after a period of 13 years [21]. Kuchen et al. reported maintained improvements
of sagittal gait kinematics nine years after patellar tendon shortening combined with
DFEO [22].

The objective of this study was to assess the mid-term results after distal femoral
extension (plus shortening) osteotomy (DFE(S)O) with or without concomitant patella
advancement (PA). We sought to evaluate the impact of DFE(S)O on sagittal plane knee
joint kinematics, pelvic tilt and general gait quality in patients with cerebral palsy. We
hypothesized that DFS(E)O improves sagittal plane gait kinematics, and the changes
are maintained until mid-term follow-up (24–60 month). We further hypothesized that
DFS(E)O increases pelvic tilt.

2. Methods
2.1. Study Design and Patient Selection

This monocentric prospective observational study evaluates the results of a study
population that was treated with DFESO as a part of SEMLS in the Orthopaedic Department
of the University Hospital Heidelberg. All included patients had (1) a preoperative three-
dimensional (3-D) gait analysis (E0) prior to the surgical intervention, (2) a GMFCS level
I–III (ambulatory walkers), (3) flexed knee gait (defined as a minimum knee flexion dur-
ing stance of more than one standard deviation compared to an age-matched control group),
(4) a bilateral spastic cerebral palsy (BSCP) as the underlying pathology and were
(5) between 6 and 16 years old. Patients who underwent surgical treatment or Botulinum
toxin injections within the last six months prior to surgery were not considered (exclu-
sion criteria). Patients were considered for mid-term evaluation if postoperative three-
dimensional (3-D) gait analysis data were available between 24 and 60 months after surgery
(E2). If an additional 3-D gait analysis was available postoperatively within 18 months,
we defined the results as first postoperative control (E1) to evaluate possible changes be-
tween the short-term and mid-term outcomes of these patients. Furthermore, we formed
two subgroups of patients that had or had not undergone simultaneous patella tendon
advancement in context with the DFESO.

The local ethics committee approved the study.

2.2. Operative Procedure

The indication for DFESO was set in patients with a flexed knee gait and an aber-
ration of more than one standard deviation from the normal collective in the minimum
knee flexion during stance in the 3-D gait analysis (less than eight degrees of minimum
knee flexion). The amount of correction was defined with the clinical examination of the
flexion contracture intraoperatively [19]. The operation was performed as described by No-
vacheck et al. and Brunner et al. [14,23], with a standard lateral approach to the distal femur.
A ventrally based trapezoid-shaped osteotomy of the distal femur was performed, and
after correction of the deformity, it was fixed with a plate. The fixation was performed with
blade plates (Implantcast, Buxtehude, Germany) in 15 cases, locking plates by Königssee
(Königsee Implantate, Allendorf, Germany) in 3 cases, and locking plates of DePuySynthes
(DePuySynthes, Westchester, NY, USA) in 1 case. An additional patella advancement was
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performed in the presence of patella alta. As the surgery was performed within other
SELMS procedures, additional surgical interventions were performed if necessary.

2.3. Postoperative Treatment

In accordance with the previously described regime of postoperative treatment after
DFESO [19], patients were primarily immobilized in plaster casts with a rigid connection
between the casts to ensure an external rotation of the leg of 10–15◦ degrees. A slight knee
flexion of 10◦ was applied. Early physiotherapeutic treatment was administered in all
patients with passive and active mobilization of both the hips and knee joint starting at the
first day after surgery. Knee flexion was limited to 40◦ for two weeks and 60◦ between the
second and fourth postoperative week. All children were treated by a team of orthopedic
surgeons in cooperation with physiotherapists and nursing staff with specialized training.
All children were referred to rehabilitation institutions specializing in neuromuscular
diseases in children after the consolidation of the osteotomy was achieved and weight-
bearing was permitted.

2.4. Gait Analysis

Gait analysis and clinical examination were undertaken by physiotherapists and
a study nurse specialized in pediatric neuro-developmental therapy. All patients were
able to walk freely and asked to walk barefoot on a seven-meter-long walkway at a self-
selected speed. Skin-mounted markers were applied to the bony landmarks according
to a standard protocol. A Vicon camera system (Vicon®, Oxford Metrics, Oxford, UK)
and two piezoelectric force plates (Kistler®, Winterthur, Switzerland) were used, and
joint kinematics were calculated with Vicon-Workstation® (Oxford Metrics, Oxford, UK)
according to the protocol of Kabada et al. [24]. Kinematic data were acquired for the knee
and pelvis. The physical examination recorded the range of motion and popliteal angle.

2.5. Data Acquisition and Evaluation

Nineteen patients (28 limbs) met the inclusion criteria mentioned above and were
selected from the motion lab database (Figure 1). All patients had a preoperative analysis
(E0) and received DFESO. Of those, seven children were treated with additional patella
tendon advancement (PTA). Table 1 gives an overview of the concomitant procedures per-
formed during the SEMLS procedure. These included bony and soft tissue reconstructions
of the hip, or transposition of the rectus femoris, lengthening of the hamstrings, correction
of equinus foot through calf muscle lengthening and correction of the hind foot. Fifteen
patients (22 limbs) had a three-dimensional gait analysis at short-term follow-up (E1; up
to 18 months after DFESO). All 19 patients were followed for the mid-term evaluation
between 24 and 60 months after surgery (E2). As a first step, we calculated the results of
patients between E0 and E2 to determine the mid-term results after DFESO. After that,
we analyzed the postoperative course by evaluating the results of patients that had an
additional short-term examination (E1). A further subgroup analysis was performed for
patients that had undergone DFESO plus PTA. The data were analyzed using SPSS statistics
(IBM SPSS Statistics 19, IBM, Ehningen, Germany). To evaluate the normal distribution
of the data, the Shapiro–Wilk test was applied. The data were further evaluated using
either the Student’s t-test in the case of normal distribution of the data or the Wilcoxon
signed-rank test if data were not normally distributed. Statistical significance was set at a
p-value < 0.05 for Student’s t-Test and 0.025 for Wilcoxon signed-rank test. If patients had
repeated postoperative gait analysis, an ANOVA for repeated measures with Bonferroni
correction or Friedman’s test with post hoc analysis were used. To compare the subgroup
that received PTA to the non-PTA group Mann–Whitney U-Test was applied.

159



Children 2022, 9, 1427

Table 1. Overview of the retrieved data of patients included in our sample.

Age FU GMFCS Side DFESO PTA

Bony
Recon-

struction
Hip

Soft
Tissue

Surgery
of the
Hip

Recession
or Trans-
position
of Rectus
Femoris

Hamstring
Length-
ening

Additional
Derota-
tional

Osteotomy

Equinus
Correc-

tion

Hindfoot
Recon-

struction

6.7 55.2 I L + + +
R + + +

11.6 33.6 II L + + + + + +
R + + + + + +

11.6 33.5 II L + + + + + +
R + + + + + +

13.8 31.8 II L + +
R + +

13.4 48 II L + + +
R +

12.2 26.4 II L + + + + +
R + +

15.4 33.9 II L + + + +
R + + + +

13.5 47.3 II L + + + + + +
R + + + +

11.1 24.4 II L + + + +
R + + + +

7.2 26.4 III L + + + + + +
R + + + + +

8.9 25.1 III L + + + +
R + + +

15.8 26.8 III L + + + +
R + + +

10 54.8 II L + + +
R + + + +

9.2 42.3 II L + + +
R + + + +

9.3 55 III L + +
R + + + +

16.1 27.8 III L + + + +
R + + +

12.3 36.1 III L + + +
R + + + +

12.7 54.6 III L + + + +
R + + + +

14.1 31.3 III L + + +
R + + + +

FU: follow-up; GMFCS: Gross Motor Function Classification System; DEFO: distal femoral extension osteotomy;
PTA: patella tendon advancement. Equinus correction = lengthening of the calf muscles. Hindfoot reconstruction
included arthrodesis and soft tissue procedures, e.g., muscle transposition.
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Figure 1. Overview of the different time points of evaluation. E0: preoperative, E1: short-term
examination 6–18 month postoperative; E2: mid-term examination 24–60 month postoperative.

3. Results

Overall, 19 patients (28 limbs) could be included in the study and evaluation. The
mean age at surgery was 11.8 years (6.7–16.0). All patients had a preoperative gait analysis
at a mean of 3.7 (0.5–9) months prior to surgery. The mean mid-term follow-up time (E2)
was 38 (24–55) months. Fifteen patients (22 limbs) had an additional first postoperative gait
analysis (E1) after a mean of 14 (10–20) months after surgery. There was no evidence of non-
union or implant failure. All patients were ambulatory walkers, including eight patients
with a GMFCS level III, eleven patients with a GMFCS level II and only one patient with a
GMFCS level I. Kinematic data of the knee and pelvis, as well as physical examination data,
were available in all patients. Apart from the kinematic data of the pelvis, the statistical
testing showed normal distribution of the values.

3.1. Kinematic Results

There was a significant change in all sagittal plane kinematic values of the knee at
E2 in comparison to the preoperative values (min. and mean knee flexion in stance, min.
knee flexion at initial contact, ROM over 100% GC, mean knee flexion over 100% GC, mean
and peak knee flexion in swing) (Table 2 and Figure 2). The mean minimum knee flexion
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in stance was 38◦ (SD17◦) at E0 in accordance with the severe flexed knee gait preopera-
tively. There was a significant improvement in the minimum knee flexion in stance of 16◦

(SD 17◦) from E0 to E2 (p < 0.001). The mean knee flexion in stance also improved from
46◦ (SD 19◦) preoperatively to 33◦ (12◦) postoperatively (E2) (p = 0.001), while the range of
motion showed an overall improvement of almost 10◦ from E0 to E2. We found a significant
change in the mean knee flexion over the entire gait cycle from 50◦ (SD 15◦) at E0 to 37◦

(SD 9◦) at E2 (p < 0.001). In contrast, the mean knee flexion in swing showed a decline from
65◦ (SD12◦) to 58◦ (8◦) (p = 0.008). The same effect was seen for peak knee flexion in swing
with a significant overall decrease of 7◦ (p = 0.008). The individual case analysis showed an
improvement in the min. knee flexion in stance of more than 80% in one case, 60–80% in
six cases, 40–60% in five cases, 20–40% in six cases and 10–20% in six cases. Four patients
(six limbs) showed a worse minimum knee flexion in stance at E2 than preoperatively.

Table 2. Overview of the kinematic parameters at the different time points; E0: preoperative; E2:
24–60 months postoperative.

Parameter Context E0 E2 Significance

GDI Overall 56.3 ± 7.6 (44–76) 70.6 ± 9.8 (49–92) p = 0.001
Walking speed (M/s) Overall 0.73 ± 0.18 0.84 ± 0.19 p = 0.04

Min. knee flexion at initial contact
Overall 46.8◦ ± 11.6◦ 31.3◦ ± 9.5◦ p < 0.001

DFESO + PTA 52.1◦ ± 6.1◦ 35.2◦ ± 9.8◦ p = 0.01
DFESO 44.4◦ ± 12.8◦ 29.5◦ ± 9.0◦ p = 0.001

Min. knee flexion in stance
Overall 34.7◦ ± 18.3◦ 20.9◦ ± 10.1◦ p < 0.001

DFESO + PTA 41.4◦ ± 15.5◦ 25.9◦ ± 14.2◦ p = 0.021
DFESO 35.9◦ ± 20.1◦ 22.7◦ ± 12.2◦ p = 0.003

Peak knee flexion in swing
Overall 65.2◦ ± 12.1◦ 58.5◦ ± 7.9◦ p = 0.008

DFESO + PTA 69.6◦ ± 9.6◦ 58.6◦ ± 8.5◦ p = 0.021
DFESO 63.2◦ ± 12.8◦ 58.4◦ ± 7.8◦ p = 0.12

Mean knee flexion over 100% GC
Overall 49.6◦ ± 14.2◦ 37.9◦ ± 9.4◦ p < 0.001

DFESO + PTA 56.3◦ ± 10.8◦ 39.2◦ ± 10.9◦ p = 0.015
DFESO 46.5◦ ± 14.7◦ 33.2◦ ± 10.8◦ p = 0.005

Mean hip flexion in stance
Overall 26.3◦ ± 10.4◦ 18.9◦ ± 8.0◦ p = 0.001

DFESO + PTA 30.1◦ ± 4.6◦ 23.5◦ ± 5.5◦ p = 0.86
DFESO 24.5◦ ± 11.9◦ 16.8◦ ± 8.2◦ p = 0,007

Mean pelvic tilt
Overall 13.5◦ ± 8.4◦ 12.9◦ ± 5.6◦ p = 0.72

DFESO + PTA 12.6◦ ± 4.4◦ 13.7◦ ± 8.4◦ p = 0.59
DFESO 13.9◦ ± 9.8◦ 12.6◦ ± 4.1◦ p = 0.53

Overall: includes patients with and without PTA (n = 19, 28 limbs); DFESO + PTA (n = 7, 9 limbs); DFESO (n = 12,
19 limbs). Statistical significance was reached when p < 0.05.

Children 2022, 9, x FOR PEER REVIEW 7 of 12 
 

 

 
Figure 2. Sagittal plane kinematic graphs illustrating the pelvic tilt, knee flexion and extension and 
ankle dorsi- and plantar flexion during preoperative (E0: blue line) and mid-term (E2: red line) gait 
analysis. The grey areas represent gait data of an age-matched control group. The x-axis represents 
gait cycle in percent; y-axis marks the range of motion in degrees. Solid lines represent average 
values and dashed lines one standard deviation. 

The sagittal plane kinematic data of the pelvis revealed a change in the maximum 
anterior pelvic tilt from 18° (SD 9°) preoperatively to 17° (SD 7°) at E2. The mean anterior 
pelvic tilt changed from 14° (SD 8°) to 13° (SD 6°). Both changes were not significant in 
the analysis (p = 0.72 and 0.58).  

3.2. Clinical Examination 
The preoperative clinical examination revealed a flexion contracture of 15° (SD 7°), 

which improved by 12° at E2 (p < 0.001). The mean popliteal angle was 42° (SD 23°) at E0 
and showed a significant change towards a full extension of 8° (SD 12°) at E2 (p = 0.01).  

3.3. Changes in the Postoperative Course (E1 to E2) 
Min. knee flexion in stance changed from 21° (SD 13°) to 23° (SD13°) from E1 to E2 (p 

> 0.05). The mean knee flexion in stance and knee flexion at initial contact showed a decline 
in the postoperative period–mean knee flexion in stance of 5° and knee flexion at initial 
contact of 3°. The changes were non-significant for both parameters (p = 0.055 and p = 0.06) 
(Table 3). Peak knee flexion in swing increased by 5.6° during the postoperative course. 
The clinical examination revealed an increase in the popliteal angle from 30° (0°–70°) to 
34° (15°–60°) from the postoperative to mid-term evaluation. The flexion contracture as 
measured in the clinical examination changed from 3° (0°–15°) postoperatively to 5° (0–
20°) at E2. This change proved to be non-significant in the post hoc analysis with 
Bonferroni correction (p > 0.05). The mean pelvic tilt showed a non-significant trend 
toward preoperative values in the mid-term evaluation (E1: 15° (SD9°) and E2: 13° (6°)). 
The same tendency was observed for the maximum pelvic tilt. 

Table 3. Overview of the kinematic parameters at the different time points of patients with repeated 
postoperative gait analysis (n = 15; 22 limbs). 

Parameter Context E0 E1  E2 Significance 
Min. knee flexion in 

stance Overall 40.0° ± 17.9° 20.8° ± 13.1° 23.3° ± 12.8° ¶, ⎕ 

Mean knee flexion in 
stance Overall 46.2° ± 21.1° 27.5° ± 11.3° 34.9° ± 11.8° ¶, §, ⎕ 

Knee flexion at initial 
contact 

Overall 48.2° ± 11.4°  29.6° ± 10.5° 32.8° ± 8.5° ¶, ⎕ 

Peak knee flexion in 
swing  Overall 66.4° ± 12.3° 53.0° ± 11.1° 58.6° ± 8.6° ¶, §, ⎕ 

Mean knee flexion Overall 51.0° ± 14.9° 32.8° ± 10.5° 38.0° ± 9.8° ¶, ⎕ 

Figure 2. Sagittal plane kinematic graphs illustrating the pelvic tilt, knee flexion and extension and
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analysis. The grey areas represent gait data of an age-matched control group. The x-axis represents
gait cycle in percent; y-axis marks the range of motion in degrees. Solid lines represent average values
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162



Children 2022, 9, 1427

The sagittal plane kinematic data of the pelvis revealed a change in the maximum
anterior pelvic tilt from 18◦ (SD 9◦) preoperatively to 17◦ (SD 7◦) at E2. The mean anterior
pelvic tilt changed from 14◦ (SD 8◦) to 13◦ (SD 6◦). Both changes were not significant in the
analysis (p = 0.72 and 0.58).

3.2. Clinical Examination

The preoperative clinical examination revealed a flexion contracture of 15◦ (SD 7◦),
which improved by 12◦ at E2 (p < 0.001). The mean popliteal angle was 42◦ (SD 23◦) at E0
and showed a significant change towards a full extension of 8◦ (SD 12◦) at E2 (p = 0.01).

3.3. Changes in the Postoperative Course (E1 to E2)

Min. knee flexion in stance changed from 21◦ (SD 13◦) to 23◦ (SD 13◦) from E1 to E2
(p > 0.05). The mean knee flexion in stance and knee flexion at initial contact showed a
decline in the postoperative period–mean knee flexion in stance of 5◦ and knee flexion
at initial contact of 3◦. The changes were non-significant for both parameters (p = 0.055
and p = 0.06) (Table 3). Peak knee flexion in swing increased by 5.6◦ during the postopera-
tive course. The clinical examination revealed an increase in the popliteal angle from 30◦

(0◦–70◦) to 34◦ (15◦–60◦) from the postoperative to mid-term evaluation. The flexion con-
tracture as measured in the clinical examination changed from 3◦ (0◦–15◦) postoperatively
to 5◦ (0–20◦) at E2. This change proved to be non-significant in the post hoc analysis with
Bonferroni correction (p > 0.05). The mean pelvic tilt showed a non-significant trend toward
preoperative values in the mid-term evaluation (E1: 15◦ (SD9◦) and E2: 13◦ (6◦)). The same
tendency was observed for the maximum pelvic tilt.

Table 3. Overview of the kinematic parameters at the different time points of patients with repeated
postoperative gait analysis (n = 15; 22 limbs).

Parameter Context E0 E1 E2 Significance

Min. knee flexion in stance Overall 40.0◦ ± 17.9◦ 20.8◦ ± 13.1◦ 23.3◦ ± 12.8◦ ¶, ~
Mean knee flexion in stance Overall 46.2◦ ± 21.1◦ 27.5◦ ± 11.3◦ 34.9◦ ± 11.8◦ ¶, §, ~

Knee flexion at initial contact Overall 48.2◦ ± 11.4◦ 29.6◦ ± 10.5◦ 32.8◦ ± 8.5◦ ¶, ~
Peak knee flexion in swing Overall 66.4◦ ± 12.3◦ 53.0◦ ± 11.1◦ 58.6◦ ± 8.6◦ ¶, §, ~

Mean knee flexion
over 100% GC Overall 51.0◦ ± 14.9◦ 32.8◦ ± 10.5◦ 38.0◦ ± 9.8◦ ¶, ~

Mean hip flexion in stance Overall 27.3◦ ± 2.4◦ 21.3◦ ± 1.9◦ 21.2◦ ± 1.5◦ ¶, ~
Mean pelvic tilt Overall 13.9◦ ± 9.5◦ 15.3◦ ± 9.2◦ 13.3◦ ± 6.4◦

E0: preoperative; E1: 1–18 month postoperative; E2: 24–60 month postoperative; ¶: significant change between E0
and E2 (p < 0.05); ~: significant change between E0 and E1; §: significant change between E1 and E2 (p < 0.05).

3.4. Patella Tendon Advancement

There was no significant difference in the severity of flexed knee gait between the PTA
and non-PTA groups at E0 (min. knee flexion in stance: p = 0.48, min. knee flexion at initial
contact: p = 0.17, mean knee flexion: p = 0.64). Patients with additional patella tendon
advancement (n = 9) showed no significant difference from the non-PTA group (n = 19)
in minimum knee flexion in stance, min. knee flexion at initial contact or peak flexion in
swing at the mid-term control (E2) (p = 0.73, 0.15 and 0.96). There was also no evidence of a
significant difference in maximum pelvic tilt between the groups at E2.

4. Discussion

Flexed knee gait is one of the most common gait patterns in children and adults
with cerebral palsy [1]. It leads to relevant functional restrictions during gait impairing
independence and quality of life [25]. Several techniques to improve flexed knee gait
have been introduced in the past. Soft tissue procedures, especially lengthening of the
hamstrings, have proven to be effective in short-term analysis [3,4,9,26]. However, varying
results following hamstring lengthening in long-term evaluation have been published [7,8].
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DFESO is an alternative treatment method to address flexed knee gait and fixed flexion
deformity. Early reports of the positive effects of the procedure on sagittal plane kinematics
of the knee were corroborated by various authors [13–18]. Nonetheless, few studies have
investigated the mid- and long-term effects of DFSEO on crouch gait [21,22]. De Morais
Filho et al. reported early results with an improvement in sagittal knee joint kinematics
after DFEO after 24 months [15] and further evaluated the procedure in combination with
patella tendon advancement with a follow-up of 34 months [16]. Sossai et al. found an
improvement in minimum knee extension in stance by 22◦ after 22-month follow-up [17].
The first long-term data were published by Boyer et al. in 2018 comparing the results of
DFEO in combination with PTA to non-surgical treatment [21]. Kuchen et al. evaluated the
postoperative course in twelve patients that were treated with SELMS due to flexed knee
gait. The authors found a maintained improvement of gait kinematics and walking speed
after a nine-year follow-up [22].

In this study, we found an improvement in knee kinematics in patients that under-
went DFESO with and without PTA, both in short-term and mid-term evaluation. The
good results of previous work concerning the short-term outcome [19] could be confirmed
with the present data. Furthermore, a lasting improvement in knee kinematics could be
measured in the mid-term evaluation after a mean of 38 months. This was also reflected
by a substantial improvement in the GDI at mid-term, indicating an overall lasting im-
provement in gait quality, affirming our first hypothesis. These findings are in keeping
with other studies that found lasting improvements after flexed knee gait correction [21,22].
Nonetheless, a tendency towards preoperative flexed knee gait was evident. There was
deterioration in all sagittal plane kinematic values of the knee between E1 (10–24 months
postoperative) and E2 (24–60 months postoperative), but only the changes in mean knee
flexion in stance were statistically significant. However, the mean kinematic values of the
presented study must be interpreted with caution. While we saw an overall improvement
of the kinematic values at E2, eleven patients showed a minimum knee flexion in stance
more than two SD (18◦) worse than the control group, suggesting that these patients still
walked in crouch gait. Boyer et al. reported a persisting crouch gait in 37% of patients
treated with DFEO and PTA in their long-term analysis after eight years [21]. The mid-term
results of our study show an even higher percentage of persisting knee flexion gait. In
contrast, Kuchen et al. published consistent improvement in gait during follow-up without
relevant changes between postoperative, mid- and long-term evaluation [22]. Among other
factors, a tightness of the hamstrings during growth leading to recurrence of flexed knee
gait must be considered [8]. However, the sample size in this study is too small to allow
an evaluation of the influence of age at surgery on the mid-term outcome of DFE(S)O. In
addition, the follow-up time of 38 months might not have been long enough for this effect
to develop. Numerous concomitant procedures were performed in context with DFESO.
Hamstring lengthening was performed in five cases and may have influenced the results of
the correction. Healy et al. found that hamstring lengthening is rarely necessary in patients
with crouch gait and treatment with DFEOS, as the bony correction itself restored hamstring
length and improved hamstring velocity [20]. De Morais Filho et al. reported a larger
reduction in knee flexion in stance when additional hamstring lengthening is performed
in combination with DFEO and patella tendon shortening, but also noted an increased
anterior pelvic tilt in these patients [16]. The patients that received additional hamstring
lengthening in our study showed less improvement in knee extension at E2, but due to the
small number of cases the relevance of this finding is questionable. Bony foot corrections to
address lever arm dysfunction were also among the most frequent additional procedures.
They were often accompanied by equinus correction through calf muscle lengthening in
the presence of persisting intraoperative equinus deformity. In these cases, overcorrection,
which can lead to calcaneal gait and therefore mediate recurrence of crouch gait, must be
carefully avoided [27]. Although we found four patients with increased ankle dorsiflexion
postoperatively, only one patient demonstrated calcaneal gait at E2 in combination with a
deterioration in sagittal plane knee kinematics.
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In a previous study evaluating the short-term outcome of DFESO, a significant increase
in the anterior pelvic tilt with possible clinical impact was found [19], corroborating the
findings of other authors [13,15] reporting increased anterior pelvic tilt after DFESO [16,28].
In the present study, both mean and maximum pelvic tilt were nearly identical in the
preoperative and the mid-term evaluation. A slight increase in the anterior pelvic tilt was
observed at E1, but this tendency was not statistically significant, and the increased tilt
vanished in the mid-term control thus dismissing our second hypothesis. However, the
increase in pelvic tilt in the immediate postoperative cause might be one of the reasons
for the recurrence of flexed knee gait over time, as it can be compensated by increased
flexion of the knee [8]. An increased muscle tone in the rectus femoris and psoas muscle
may also influence the anterior pelvic tilt, as the balance between hip extension and hip
flexion is altered [13,16,29,30]. Böhm et al. identified an increased muscle tone of the
rectus femoris as one of the key factors in increased pelvic tilt after correction of crouch
gait [29]. The effect was also discussed by de Morais Filho et al., and the authors noted
that none of their patients had received an additional rectus femoris transfer [16]. A
substantial number of patients in our study received a transposition of the rectus femoris
and recession of the psoas. This might explain why anterior pelvic tilt was not as evident
in comparison to other studies. In contrast to our data, Stout et al. reported no influence of
rectus femoris transfer or psoas lengthening on anterior pelvic tilt in patients that received
DFEO and PTA [13]. Furthermore, we observed a slight decrease in the mean and peak
knee flexion during swing phase, indicating that DFESO led to a tendency to stiff knee
gait, corroborating the results of other authors [17,28]. Sossai et al. reported a decrease
in peak knee flexion in swing after patella tendon shortening, although not all patients
simultaneously underwent supracondylar extension osteotomy [17]. Park et al. observed
a similar effect after a 24-month follow-up when knee flexion deformity is addressed
with a femoral shortening osteotomy [28]. During the postoperative course we observed
an improvement in the peak knee flexion in swing, although the tendency did not fully
compensate for the postoperative loss. An increased walking speed could also have led to
a reduced knee flexion in swing. The observed increase in walking speed could therefore
have been at least partially responsible for the loss of knee flexion in swing.

In 2018, Broyer et al. published the first long-term data on patients that underwent
DFESO + PTA [21]. The authors compared the results of the procedure to patients with
crouch gait who did not undergo surgical intervention. They found a significant improve-
ment in static and functional outcome parameters in the DFESO + PTA group after eight
years. At the same time, there was a trend towards a slight deterioration in the initial
correction. In the present study, a similar effect was found at mid-term evaluation.

DFESO can be performed in combination with PTA in the presence of patella alta.
Although differing reports exist [19], previous studies have shown an additional benefit of
PTA in patients with flexed knee gait [13,14]. Stout et al. reported an increased correction of
20◦ when crouch gait is addressed with DFEO and PTA in comparison to DFEO alone [13].
The data of the present study showed no significant difference in the kinematic results
between patients that had additional PTA and those who did not. However, it must be
critically acknowledged that, due to the sample size in this study, a subgroup analysis is
difficult. Only seven patients (nine limbs) received additional PTA, and a positive effect of
the procedure on the mid-term outcome might not have been detectable due to the small
sample size.

5. Conclusions

The present study indicates that DFESO improves flexed knee gait and has a lasting
positive impact on sagittal plane kinematics in children with cerebral palsy and crouch gait.
However, further investigations are needed to identify those patients that benefit most from
the procedure and explain the detected tendency towards recurrence at mid-term follow-up.
The results of the study are limited by the sample size and the retrospective study design.
Furthermore, the additional procedures performed might influence the results of the study.
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Abstract: The purpose of the current study was to identify risk factors for deep infection after an open
long-bone fracture in pediatric patients. Systematic billing queries were utilized to identify pediatric
patients who presented to a level I trauma center from 1998 to 2019 with open long-bone fractures.
There were 303 open long-bone fractures, and 24 (7.9%) of these became infected. Fractures of the
tibia/fibula (p = 0.022), higher revised Gustilo-Anderson type (p = 0.017), and a longer duration of time
between the injury and hospital presentation (p = 0.008) were all associated with the presence of deep
infection. Those who went on to have a deep infection also required more operative debridements
(p = 0.022) and a total number of operative procedures (p = 0.026). The only factor that remained
significant in multivariable regression was the duration between the injury and hospital presentation
(OR 1.01 [95%CI 1.003–1.017]; p = 0.009), where the odds of deep infection increased by 1% for every
minute of delayed presentation.

Keywords: pediatric; open fracture; infection; trauma; morbidity; orthopedic

1. Introduction

Fractures represent a significant proportion of all pediatric emergency department vis-
its and hospital admissions in the United States, especially for older male adolescents [1,2].
In a study of 3350 children with 3413 limb fractures presenting to one center, distal radius
fractures, supra-condylar fractures of the humerus, and forearm shaft fractures were most
common, while femur and tibia/fibula fractures also accounted for a large proportion of
fractures in other studies [2,3]. Although open fractures are thought to contribute a small
percentage (<10%) of all pediatric fractures, they are considered surgical emergencies as
they carry a significant risk for infection and associated morbidity [4–6].

Open fractures are typically stratified by the revised Gustilo–Anderson Classification,
where the type (I, II, and IIIA-C) is based on wound size and the extent of associated
tissue damage [7]. A treatment protocol for open fractures first described and employed
by Gustilo and Anderson between 1969 and 1973, portended a significant reduction in
infection rates through debridement and copious irrigation, primary closure for type I
and II fractures and secondary closure for type III fractures, no primary internal fixation
except in the presence of associated vascular injuries, cultures of all wounds, and oxacillin-
ampicillin before and for three days postoperatively [7,8]. Some aspects of pediatric open
fracture management remain unchanged and are universally accepted across institutions,
such as immediate antibiotic administration and tetanus prophylaxis, whereas other facets
of care are more controversial and debated, particularly in the setting and management of
type I open fractures [9–12].

In an attempt to optimize hospital course and reduce the risk of complications and
infection following pediatric open fractures, different aspects of management have been
empirically studied including: the initiation and duration of antibiotic treatment [13,14];
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choice of antibiotics and the utility of preoperative cultures [13–16]; surgical approach
for all fractures and nonoperative treatment for type I fractures [12–14,17–26]; time to
operative debridement and irrigation [13,14,27–29]; the addition of negative pressure
dressings [13,30,31]. Unfortunately, when compared to the management of open fractures
in adults, high-level evidence is lacking, and most recommendations are based on case-
series and/or historical standards of care [6,13,14]. For instance, the most recent published
review and recommendations for antibiotic selection in pediatric open fractures found a
paucity of high-level evidence and concluded broadly that Type I open fractures should
be treated with a first-generation cephalosporin and for type II and III, additional Gram-
negative coverage should be added [32].

The primary aim of this study is to describe trends in management and elucidate
pertinent risk factors for developing a deep infection after an open long-bone fracture
in pediatric patients. We hypothesized that infection would be more prevalent in higher
revised Gustilo–Anderson type open fractures as well as in cases of delayed administration
of antibiotic prophylaxis.

2. Materials and Methods
2.1. Patient Identification, Inclusion and Exclusion Criteria

Patients under the age of 18 who presented to Vanderbilt University Medical Center
(VUMC) between 1998 and 2019 with an open fracture of a long bone were retrospectively
queried with over 1000 ICD9 and ICD10 codes pertaining to open long-bone fractures.
Patients were only included if they had a documented open long bone fracture event and
adequate data and follow-up. Traumatic amputations were not included in this analysis. If
patients did not have documentation of their “date and time of injury”, “date and time of
admission to an outside facility (OSF)/VUMC”, or “date, time, and duration of antibiotics
administered”, they were excluded. Patients had to have follow-up through deep infection,
“healed fracture” (near or complete union), or fracture non-/malunion to be included in this
study. If patients were discharged from a surgeon’s care and instructed to follow up on an
“as needed” basis, they met the necessary endpoint and were considered healed. If a patient
had multiple open long bone fractures resulting from the same injury, each was treated as
a unique event. Our institutional antibiotic protocol is as follows: Type I or II pediatric
open fractures are treated with cefazolin. If allergic to cefazolin, clindamycin is given
instead. If allergic to both cefazolin and clindamycin, vancomycin is initiated. For type
III or highly contaminated type I or II pediatric open fractures, piperacillin/tazobactam
is administered. If allergic to piperacillin/tazobactam, clindamycin or vancomycin is
provided, with metronidazole and either ciprofloxacin or gentamicin. Antibiotics are
administered within 1 h of arrival. A tetanus vaccine is also offered if not up to date.

2.2. Database Structure and Elements

Demographic and injury characteristics, management decisions, the temporality of
various treatments, and outcome variables were collected and based on previously devel-
oped data collection instruments (Registry for Orthopaedic Trauma in Children, ROTC).
Additional elements that were thought to be possibly associated with infection were in-
cluded as well. All study data were collected, managed, and built using the REDCap
electronic data capture tool hosted at VUMC [33]. REDCap is a secure, web-based appli-
cation designed to support data capture for research studies, providing: (1) an intuitive
interface for validated data entry; (2) audit trails for tracking data manipulation and export
procedures; (3) automated export procedures for seamless data downloads to common
statistical packages; (4) procedures for importing data from external sources.

For date–time event variables, scanned Emergency Medical Services (EMS), triage
notes, other documents and clinical notes, and documentation of different services
(e.g., anesthesia care records) and/or procedure notes were utilized to ensure the most ac-
curate date–times possible. For “date and time of discharge”, 12:00 p.m. was utilized given
the lack of precise timing documented. Deep infections were based on clinical notation
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and/or direct confirmatory signs (fistula, sinus, wound breakdown, purulent drainage or
pus, positive cultures, or histopathological examination). All risk factors were in relation to
each patient’s endpoint. Each variable was assessed in its relation to developing a deep
infection, and how they were defined for the purposes of this study can be found in Table 1.
This is a historical cohort in which data from medical records were reviewed and collected.
Institutional Review Board (IRB) approval was granted (VUMC; #182036) for this study.

Table 1. Variables Assessed in Relation to Acquiring a Deep Infection After Pediatric Open
Long-Bone Fracture.

Characteristic Coded

Age (Continuous Measurement)
Sex Female, Male

Race a White, Non-White
Weight b (Continuous)

Comorbidities c No, Yes
Self-Reported Antibiotic Allergies No, Yes

Season d Spring, Summer, Fall, Winter
Mechanism of Injury e Low Energy, High Energy

Setting and Contamination Risk f Low Risk, Medium Risk, High Risk
Polytrauma g No, Yes

Multiple Open Fractures No, Yes
Long-Bone Fractured Femur, Humerus, Radius/Ulna, Tibia/Fibula

Segment of Long Bone Fractured Diaphyseal, Metaphyseal/Epiphyseal
Revised Gustilo-Anderson Classification h I, II, IIIA-C

Vascular Compromise/Injury No, Yes
Nerve Injury No, Yes

Compartment Syndrome Requiring Fasciotomy No, Yes
Time to Admission (min) (Continuous Measurement)

Transferred From Outside Facility No, Yes
Time to Antibiotics (min) (Continuous Measurement), < or ≥3 h

Number of Antibiotic Classes Administered (Count Measurement)
Time to Operative Debridement (h) (Continuous Measurement), < or ≥6 h
Number of Operative Debridements (Count Variable)

Time to Definitive Fixation (h) (Continuous Measurement)
Duration of Antibiotics While Admitted (h) (Continuous Measurement)

Length of Hospital Stay (days) (Continuous Measurement)
Discharged with Antibiotics No, Yes

Discharge Disposition Home, Rehabilitation/Other
Total Number of Operative Procedures (Count Measurement)

a White or Non-White (Black or African American, Asian, Native Hawaiian or Other Pacific Islander, American
Indian or Alaska Native, of Spanish Origin, or Other). b Standardized to z-scores based on sex and age-adjusted
normative data https://web.emmes.com/study/ped/resources/htwtcalc.htm (accessed on 1 October 2019).
c Harboring one or more documented systemic, metabolic, skeletal, or psychiatric/neurologic conditions on
presentation. d Spring (March, April, May), Summer (June, July, August), Fall (September, October, November),
Winter (December, January, February). e High Energy (MVC, ATV, MCC, other machinery-related, crush-related,
GSW, fall > 10 feet), Low Energy (fall < 10 feet, sport-related, bicycle, monkey bars, trampoline “rough-housing”).
f High Risk (outside barnyard, fecal, dirty water, dirt/grass, mulch, playground, or a deeply contaminated
wound); Medium Risk (outside street, pavement, concrete, hard surface, or surface contamination of the wound);
Low Risk (inside with minimal or no wound contamination). g Presenting with significant head, chest, abdominal,
or other injuries requiring additional work-up and treatment. h Designated by the attending orthopaedic surgeon
in nearly all cases and based on clinical history, presentation, exam, imaging, and intraoperative findings.

2.3. Statistical Analyses

Pertinent demographics, injury characteristics, management decisions, the temporality
of various treatments, and outcomes across cases were described and reported utilizing
raw counts, measures of central tendency (mean, median, or mode), and measures of
data dispersion (95% confidence intervals, standard errors, inter-quartile ranges) where
appropriate. First, univariate logistic regression modeling was conducted to assess the
associations between all relevant independent variables and the presence of a deep infection.
Associations that reached a threshold of p < 0.05 were entered into a multivariable logistic
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regression model. To account for the rarity of deep infection and the phenomenon of
separation, Firth’s correction was utilized to adjust for biased estimates by maximizing
the penalized likelihood function [34]. Effect sizes were reported as odds ratios (OR) with
95% confidence intervals. All statistics were computed with SPSS v26.0 (IBM; Armonk,
NY, USA).

3. Results
3.1. Patient Characteristics

Nine hundred and thirty-six patients were returned from the systematic billing queries,
and 291 met the necessary inclusion and exclusion criteria (Figure 1). There were 303 open
long-bone fractures, and 24 (7.9%) of these became infected. Patients were, on average,
11.8 (±4.2) years old at the time of presentation. Most were male (65.0%), white (73.3%),
and had no documented systemic, metabolic, skeletal, or psychiatric/neurologic comor-
bidities (73.3%). Around 15% had a self-reported antibiotic allergy. Patients who had
a deep infection were typically older (12.4 vs. 11.8 years old), more likely to be male
(79.1% vs. 63.8%), and have comorbidities at presentation (37.5% vs. 25.8%). However,
none of these or the other collected patient demographic characteristics were significantly
associated with deep infection (Table 2).
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Table 2. Patient Demographic Characteristics.

Characteristic
Mean (SD), Median
(IQR), or n (%)

No Infection (n = 279) Deep Infection (n = 24) TOTAL
(n = 303) OR [95%OR] p-Value

Age 11.8 (±4.2) 12.4 (±4.7) 11.8 (±4.2) 1.029 [0.934, 1.143] 0.563

Sex

Female * 101 (36.2) 5 (20.8) 106 (35.0)

Male 178 (63.8) 19 (79.1) 197 (65.0) 2.015 [0.807, 5.912] 0.139

Race

White * 205 (73.5) 17 (70.8) 222 (73.3)

Non-White 74 (26.5) 7 (29.2) 81 (26.7) 1.182 [0.456, 2.801] 0.717

Weight
(Standardized Z-Score) 0.4 (±1.2) 0.6 (±1.3) 0.4 (±1.2) 1.182 [0.834, 1.687] 0.349

Comorbidities

No * 207 (74.2) 15 (62.5) 222 (73.3)

Yes 72 (25.8) 9 (37.5) 81 (26.7) 1.754 [0.725, 4.051] 0.205

Self-Reported
Antibiotic Allergies

No *

Yes 237 (84.9)
42 (15.1)

19 (79.2)
5 (20.8)

256 (84.5)
47 (15.5) 1.576 [0.527, 4.051 0.390

* reference group.

3.2. Open Fracture and Injury Event Characteristics

Most of the fractures occurred in the summer (38.0%) and spring (27.1%), resulting
from high-energy mechanisms (56.4%) in high-risk settings (49.1%). A large proportion
(40.6%) of patients presented with significant head, chest, abdominal, or other injuries
requiring additional work-up and treatment. The most commonly fractured long bone
was the radius/ulna (42.9%), followed by the tibia/fibula (32.3%). Most fractures were
diaphyseal (71.0%) and type I or II open fractures (70.6%). Vascular compromise/injury
(8.6%), nerve injury (12.5%), and compartment syndrome requiring fasciotomy (5.9%)
were less frequent. Long-bone fracture was significantly associated with the occurrence
of deep infection (p = 0.022). The tibia/fibula was significantly more likely to become
infected compared to the radius/ulna (OR = 4.00 [1.515–12.05]). Revised Gustilo–Anderson
classification was also significantly associated with deep infection (p = 0.017), whereas
compared to type I, type IIIA-C fractures were at over four times the odds of developing
deep infection (OR = 4.411 [1.559, 14.984]) (Table 3).

Table 3. Open Fracture and Injury Event Characteristics.

Characteristic
Mean (SD), Median (IQR),
or n (%)

No Infection (n = 279) Deep Infection (n = 24) TOTAL
(n = 303) OR [95%OR] p-Value

Season 0.279

Winter * 34 (12.2) 1 (4.2) 35 (11.6)

Spring 75 (26.9) 7 (29.2) 82 (27.1) 2.284 [0.472, 22.26] 331

Summer 102 (36.6) 13 (54.2) 115 (38.0) 3.028 [0.698, 28.42] 0.154

Fall 68 (24.4) 3 (12.5) 71 (23.4) 1.175 [0.185, 12.47] 0.870
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Table 3. Cont.

Characteristic
Mean (SD), Median (IQR),
or n (%)

No Infection (n = 279) Deep Infection (n = 24) TOTAL
(n = 303) OR [95%OR] p-Value

Mechanism of Injury

Low Energy * 126 (45.2) 6 (25.0) 132 (43.6)

High Energy 153 (54.8) 18 (75.0) 171 (56.4) 2.347 [0.974, 6.379] 0.057

Setting and Contamination 0.239

Low Risk * 58 (22.4) 3 (12.5) 61 (21.6)

Medium Risk 78 (30.1) 5 (20.8) 83 (29.3) 1.171 [0.299, 5.228] 0.822

High Risk 123 (47.5) 16 (66.7) 139 (49.1) 2.232 [0.750, 8.785] 0.158

Polytrauma

No * 168 (60.2) 12 (50.0) 180 (59.4)

Yes 111 (39.8) 12 (50.0) 123 (40.6) 1.511 [0.660, 3.463] 0.325

Multiple Open Fractures

No * 256 (91.8) 23 (95.8) 279 (92.1)

Yes 23 (8.2) 1 (4.2) 24 (7.9) 0.697 [0.075, 2.900] 0.663

Long-Bone 0.022 **

Tibia/Fibula * 84 (30.1) 14 (58.3) 98 (32.3)

Femur 35 (12.5) 4 (16.7) 39 (12.9) 0.730 [0.211, 2.117] 0.531

Humerus 35 (12.5) 1 (4.2) 36 (11.9) 0.243 [0.026, 1.048] 0.059

Radius/Ulna 125 (44.8) 5 (20.8) 130 (42.9) 0.250 [0.083, 0.660] 0.005

Segment of Long Bone

Diaphyseal * 197 (70.6) 18 (75.0) 215 (71.0)

Metaphyseal/Epiphyseal 82 (29.4) 6 (25.0) 88 (29.0) 0.841 [0.308, 2.038] 0.712

Gustilo-Anderson 0.017 **

I * 112 (40.1) 4 (16.7) 116 (38.3)

II 91 (32.6) 7 (29.2) 98 (32.3) 2.048 [0.632, 7.434] 0.232

IIIA-C 76 (27.2) 13 (54.2) 89 (29.4) 4.411 [1.559, 14.984] 0.004

Vascular
Compromise/Injury

No * 257 (92.1) 20 (83.3) 277 (91.4)

Yes 22 (7.9) 4 (16.7) 26 (8.6) 2.512 [0.738, 7.092] 0.130

Nerve Injury

No * 242 (86.7) 23 (95.8) 265 (87.5)

Yes 37 (13.3) 1 (4.2) 38 (12.5) 0.413 [0.045, 1.674] 0.246

Compartment Syndrome
Requiring

Fasciotomy

No * 264 (94.6) 21 (87.5) 285 (94.1)

Yes 15 (5.4) 3 (12.5) 18 (5.9) 2.779 [0.684, 8.776] 0.139

* reference group, ** denotes statistical significance.

174



Children 2022, 9, 1243

3.3. Open Fracture Management Characteristics

Most patients presented to an OSF or VUMC a little over an h (64.0 (±44.0) min)
from their injury. Close to a third (32.0%) were transferred to VUMC from an OSF
for definitive care. Most patients (73.9%) received antibiotics within 3 h of their injury
(161.4 (±152.8) min) and received a median of 1 (IQR: 1-2) antibiotic class during their
admission. The mean time to operative debridement was a little under 15 h from their
injury (14.8 (±11.1) h). Approximately one-fifth (17.9%) of open fractures were operatively
debrided within 6 h of injury, and the median number of operative debridements was
1 (IQR 1-1). The time to definitive fixation was a little over a day (24.5 (±36.9) h). The
average duration between first and last antibiotic administration while admitted was al-
most 3 days (69.8 (±102.7) h), and the average length of hospital stays was about 4 days
(4.0 (±4.8) days). The majority of patients (94.7%) were discharged home, and around
one-fifth (19.9%) were on antibiotics. The total number of operative procedures needed
before each patient’s endpoint was 1 (IQR 1-1). Those who had longer durations of time be-
tween their injury and presentation to either an OSF or VUMC were more likely to become
infected (89.9 vs. 61.8 min; OR 1.009 [95%CI 1.003, 1.016]; p = 0.008). The duration of time
between injury and presentation to either an OSF or VUMC was significantly correlated
with the duration between the injury and first antibiotic administration (r = 0.176, p = 0.002),
but not with the duration of time between the injury and first operative irrigation and
debridement (r = −0.036, p = 0.538). Those who went on to have deep infections required
more operative debridements (p = 0.022) and a greater number of operative procedures
(p = 0.026) (Table 4).

Table 4. Open Fracture Management Characteristics.

Characteristic
Mean (SD), Median
(IQR), or n (%)

No Infection (n = 279) Deep Infection (n = 24) TOTAL
(n = 303) OR [95%OR] p-Value

Time to Hospital (min) 61.8 (±41.2) 89.9 (±64.8) 64.0
(±44.0) 1.009 [1.003, 1.016] 0.008 **

Transferred From OSF

No * 192 (68.8) 14 (58.3) 206 (68.0)

Yes 87 (31.2) 10 (41.7) 97 (32.0) 1.594 [0.676, 3.644] 0.280

Time to Antibiotics (min) 161.5 (±157.4) 159.8 (±83.9) 161.4
(±152.8) 1.000 [0.997, 1.002] 0.689

<3 h * 206 (73.8) 18 (75.0) 224 (73.9)

≥3 h 73 (26.2) 6 (25.0) 79 (26.1) 0.987 [0.361, 2.399] 0.978

Number of Antibiotic
Classes Administered 1 (1–2) 2 (1–3) 1 (1–2) 1.271 [0.884, 1.761] 0.185

Time to Operative
Debridement (h) 14.5 (±8.5) 18.8 (±27.3) 14.8

(±11.1) 1.021 [0.996, 1.047] 0.093

<6 h * 46 (17.2) 6 (27.3) 52 (17.9)

≥6 h 222 (82.2) 16 (72.7) 238 (82.1) 0.530 [0.211, 1.486] 0.214

Number of
Operative Debridements 1 (1-1) 1 (1-2) 1 (1-1) 1.429 [1.060, 1.893] 0.022 **

Time to Definitive
Fixation (h) 23.9 (±36.8) 30.9 (±37.9) 24.5

(±36.9) 1.005 [0.995, 1.012] 0.273

Duration of Antibiotics
While Admitted (h) 67.1 (±99.2) 100.3 (±136.1) 69.8

(±102.7) 1.002 [0.999, 1.005] 0.120

Length of Hospital
Stay (days) 4.0 (±4.7) 4.8 (±5.7) 4.0 (±4.8) 1.038 [0.954, 1.108] 0.351
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Table 4. Cont.

Characteristic
Mean (SD), Median
(IQR), or n (%)

No Infection (n = 279) Deep Infection (n = 24) TOTAL
(n = 303) OR [95%OR] p-Value

Discharged with
Antibiotics

No * 220 (80.0) 18 (81.8) 238 (80.1)

Yes 55 (20.0) 4 (18.2) 59 (19.9) 0.967 [0.292, 2.611] 0.950

Discharge Disposition

Home * 265 (95.3) 21 (87.5) 286 (94.7)

Rehabilitation/Other 13 (4.7) 3 (12.5) 16 (5.3) 3.203 [0.780, 10.319] 0.099

Number of
Operative Procedures 1 (1-1) 1 (1-3) 1 (1-1) 1.278 [1.034, 1.584] 0.026 **

* reference group, ** denotes statistical significance.

3.4. Multivariable Analysis

There were five factors significantly associated with the development of deep infection
after an open long bone fracture (Figure 2). When these factors were incorporated into a
single multivariable regression model, the only factor that remained significant was the
duration of time between the injury event and presentation to an OSF or VUMC, where for
every minute that time to hospital presentation was delayed, the odds of deep infection
increased by 1% [OR = 1.010 (1.003–1.018); p = 0.006] (Table 5).

Children 2022, 9, 1243 8 of 12 
 

 

Number of Operative Debride-
ments 

1 (1-1) 1 (1-2) 1 (1-1) 1.429 [1.060, 1.893] 0.022 ** 

Time to Definitive Fixation 
(hours) 23.9 (±36.8) 30.9 (±37.9) 24.5 (±36.9) 1.005 [0.995, 1.012] 0.273 

Duration of Antibiotics While 
Admitted (hours) 67.1 (±99.2) 100.3 (±136.1) 69.8 (±102.7) 1.002 [0.999, 1.005] 0.120 

Length of Hospital Stay (days) 4.0 (±4.7) 4.8 (±5.7) 4.0 (±4.8) 1.038 [0.954, 1.108] 0.351 
Discharged with Antibiotics      

No * 220 (80.0) 18 (81.8) 238 (80.1)   
Yes 55 (20.0) 4 (18.2) 59 (19.9) 0.967 [0.292, 2.611] 0.950 

Discharge Disposition      
Home * 265 (95.3) 21 (87.5) 286 (94.7)   
Rehabilitation/Other 13 (4.7) 3 (12.5) 16 (5.3) 3.203 [0.780, 10.319] 0.099 

Number of Operative Proce-
dures 1 (1-1) 1 (1-3) 1 (1-1) 1.278 [1.034, 1.584] 0.026 ** 

* reference group, ** denotes statistical significance. 

3.4. Multivariable Analysis 
There were five factors significantly associated with the development of deep infec-

tion after an open long bone fracture (Figure 2). When these factors were incorporated 
into a single multivariable regression model, the only factor that remained significant was 
the duration of time between the injury event and presentation to an OSF or VUMC, where 
for every minute that time to hospital presentation was delayed, the odds of deep infection 
increased by 1% [OR = 1.010 (1.003–1.018); p = 0.006] (Table 5). 

 
Figure 2. Odds Ratios and 95% Confidence Intervals for Factors Significantly Associated with D-
veloping a Deep Infection After Pediatric Open Long-Bone Fractures. 

  

Figure 2. Odds Ratios and 95% Confidence Intervals for Factors Significantly Associated with
D-veloping a Deep Infection After Pediatric Open Long-Bone Fractures.

176



Children 2022, 9, 1243

Table 5. Multivariable Analysis for Factors Associated with Developing a Deep Infection After
Pediatric Open Long-Bone Fractures.

Characteristic OR [95% CI] p-Value

Long-Bone

Tibia/Fibula *

Femur 0.508 [0.131, 1.614] 0.262

Humerus 236 [0.025, 1.064] 0.062

Radius/Ulna 0.380 [0.107, 1.178] 0.096

Gustilo-Anderson

I *

II 1.169 [0.302, 4.845] 0.822

IIIA-C 2.366 [0.622, 10.074] 0.210

Time to Hospital 1.010 [1.003, 1.017] 0.009 **

Number of Operative Debridements 1.209 [0.621, 2.408] 0.573

Number of Operative Procedures 1.001 [0.581, 1.557] 0.996
* reference group, ** denotes statistical significance.

4. Discussion

The purpose of the current study was to identify factors associated with developing
a deep infection in pediatric patients with open long-bone fractures. Five variables were
independently associated: (1) Fractures of the tibia/fibula; (2) higher revised Gustilo–
Anderson type; (3) a longer duration of time between the injury and presentation to a
hospital; (4) a higher number of operative debridements; (5) a higher number of total
operative procedures. After incorporating all significant variables into a multivariable
regression model, the only variable that remained statistically significant was the duration
of time between the injury and presentation to a hospital, where for every additional minute
delay in hospital presentation, the odds of infection increased by 1%.

Unfortunately, the literature regarding infection risk after pediatric open fracture is
sparse and comprised primarily of small case series or small cohorts addressing a single
risk factor [13]. In a recent systematic review of the adult literature, lower extremity open
fractures were significantly more likely to develop infectious complications compared to
upper extremity fractures [35]. A recent systematic review and meta-analysis of pediatric
open fractures found that Gustilo–Anderson type III fractures of the tibia were associated
with a lower risk of osteomyelitis than femoral fractures and found the lowest rates of
osteomyelitis/infection in upper limb fractures [12]. Our study similarly found that the
lower extremity, specifically the tibia/fibula is at greater risk for deep infection after an open
fracture in the pediatric population. Additionally, our study demonstrated that the infection
risk for type IIIA-C open fractures is four times greater compared to type I open fractures, a
trend that was previously demonstrated in a 2009 systematic review by Baldwin et al. [36].
Their pooled analyses revealed that type III open tibia fractures in children were 3.48 times
more likely to have an infectious complication compared to type I fractures and 2.28-fold
more likely compared to type II. Interestingly, when Luhmann et al. [37] analyzed 65 open
forearm fractures in a pediatric sample, fracture type was not associated with infection;
however, as the authors note, the study may not have had adequate power to detect
statistically significant differences.

Immediate antibiotic administration has been heralded as a mainstay of open fracture
management. Patzakis and Wilson [38] demonstrated an infection rate of 4.7% for open
fractures when antibiotics were administered within 3 h after injury and a rate of 7.2%
when there was a delay of ≥3 h. However, they included both pediatric and adult patients.
In the current study of only pediatric patients, the average time to antibiotics was under 3 h
[161.5 (±157.4) min] for all patients, and there was no relationship between time to antibi-
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otics and the development of a deep infection when the variable was left as a continuous
measure or when patients were binned into two groups, <3 h vs. ≥3 h. However, time to
first antibiotic administration was significantly associated (although with a small effect size)
with time to hospital presentation in our post hoc correlative analyses, thus supporting the
importance of early antibiotic administration. It has also been the classic teaching to debride
the wound within 6 h of injury. Time to operative debridement was, on average, 14.5 (±8.5)
h. There was no relationship between time to operative debridement and the presence of
deep infection when the variable was left as a continuous measure or when patients were
binned into two groups, <6 h vs. ≥6 h. These results are similar to two previously pub-
lished studies by Skaggs et al. [28,29], who looked at 554 and 118 pediatric open fractures,
finding that infection rates were not related to time to operative debridement groups of
<6 h, 7–24 h, 25+ h and <6, 6–12, 12–24, and 24+ h, respectively. Kelly et al. also found
no association between the development of infection and time to surgical debridement in
288 open fractures in pediatric patients [6]. Ibrahim et al. [27], 2014, examined the effect
of delayed surgical debridement in pediatric open fractures by conducting a systematic
review and meta-analysis. Late surgical debridement was associated with a pooled rate
of infection of 2.5%, which was not higher than the infection rate of 4.2% seen for early
surgical debridement (<6 h) in children with open fractures. The number of total opera-
tive debridements and operative procedures was associated with the presence of a deep
infection in our study, which may represent a more correlative than causative relationship.

Even though time to antibiotics and time to operative debridement were not inde-
pendently associated with the presence of deep infection in this study, the duration of
time between the injury event and presentation to a hospital was a risk factor. For every
additional minute delay in hospital presentation, the odds of infection increased by 1%.
This finding raises more questions than answers and requires further study, given that the
data included in this retrospective study were limited in both granularity and power. Fac-
tors surrounding immediate open fracture management in the field and in the emergency
department should be included in future studies, including the performance and timing of
temporary wound coverage with a sterile bandage, bedside irrigation and/or debridement,
closed reduction, splinting, etc.

There are other limitations in this study worth declaring. As previously mentioned, a
low number of cases required that data be binned and categorized into a smaller number
of groups in order to maintain adequate power. Therefore, we could not analyze trends
that required greater detail, such as antibiotic type and dosing. This resulted in analyzing
antibiotic therapy as a count variable based on the number of different antibiotic classes
administered. In a similar manner, we could not analyze factors related to definitive fixation
and soft tissue coverage with substantial detail. Our search strategy may also not have
identified every patient with an open fracture over the last two decades due to inaccurate
billing codes. Lastly, retrospective research relies on reviewing records, which may have
contained both factual and temporal inaccuracies. Future prospective and collaborative
research should aim to identify additional risk factors for deep infection and clarify the ideal
treatment strategy for these injuries. This will advance efforts to minimize complications
and optimize outcomes for children who sustain open long-bone fractures.

5. Conclusions

Deep infection was associated with open fractures of the tibia/fibula and higher type
open fractures. For every additional minute delay in hospital presentation, the odds of
infection increased by 1%, suggesting that early hospital care is a critical factor in the
management of these injuries. We recommend that in all cases of potential open fracture,
children should present to a hospital as quickly as possible to be evaluated, receive care,
and reduce the risk of deep infection.

Author Contributions: Conceptualization, J.E.M.; methodology J.E.M. and A.W.K.; formal analysis,
A.W.K.; investigation, J.E.M. and A.W.K.; resources, J.E.M.; data curation, A.W.K.; writing—original
draft preparation, A.W.K., S.C.T. and J.E.M.; writing—review and editing, A.W.K., S.C.T. and J.E.M.;

178



Children 2022, 9, 1243

visualization, A.W.K.; supervision, J.E.M.; project administration, J.E.M., A.W.K. and S.C.T. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Dec-
laration of Helsinki and approved by the Institutional Review Board (or Ethics Committee) of
VUMC; #182036).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data are available in the results section of the manuscript.

Conflicts of Interest: These data were previously presented at the American Orthopaedic Association
Annual Leadership Meeting in 2020.

References
1. Naranje, S.M.; Erali, R.A.; Warner, W.C., Jr.; Sawyer, J.R.; Kelly, D.M. Epidemiology of Pediatric Fractures Presenting to Emergency

Departments in the United States. J. Pediatric Orthop. 2016, 36, e45–e48. [CrossRef] [PubMed]
2. Cheng, J.C.; Shen, W.Y. Limb fracture pattern in different pediatric age groups: A study of 3350 children. J. Orthop. Trauma 1993,

7, 15–22. [CrossRef] [PubMed]
3. Galano, G.J.; Vitale, M.A.; Kessler, M.W.; Hyman, J.E.; Vitale, M.G. The most frequent traumatic orthopaedic injuries from a

national pediatric inpatient population. J. Pediatric Orthop. 2005, 25, 39–44. [PubMed]
4. Stewart, D.G., Jr.; Kay, R.M.; Skaggs, D.L. Open fractures in children. Principles of evaluation and management. J. Bone Jt. Surg.

2005, 87, 2784–2798. [CrossRef]
5. Trionfo, A.; Cavanaugh, P.K.; Herman, M.J. Pediatric Open Fractures. Orthop. Clin. 2016, 47, 565–578. [CrossRef]
6. Kelly, D.; Sheffer, B.; Elrod, R.; Piana, L.; Pattisapu, N.; Nolan, V.; Spence, D.; Sawyer, J. Infections After Open Fractures in

Pediatric Patients: A Review of 288 Open Fractures. J. Surg. Orthop. Adv. 2022, 31, 73–75.
7. Gustilo, R.B.; Anderson, J.T. Prevention of infection in the treatment of one thousand and twenty-five open fractures of long

bones. Retrospective and prospective analyses. J. Bone Jt. Surg. 2002, 84, 682. [CrossRef]
8. Gustilo, R.B.; Anderson, J.T. Prevention of infection in the treatment of one thousand and twenty-five open fractures of long

bones: Retrospective and prospective analyses. J. Bone Jt. Surg. 1976, 58, 453–458. [CrossRef]
9. Lavelle, W.F.; Uhl, R.; Krieves, M.; Drvaric, D.M. Management of open fractures in pediatric patients: Current teaching in

Accreditation Council for Graduate Medical Education (ACGME) accredited residency programs. J. Pediatric Orthop. B 2008,
17, 1–6. [CrossRef]

10. Wetzel, R.J.; Minhas, S.V.; Patrick, B.C.; Janicki, J.A. Current Practice in the Management of Type I Open Fractures in Children: A
Survey of POSNA Membership. J. Pediatric Orthop. 2015, 35, 762–768. [CrossRef]

11. Elia, G.; Blood, T.; Got, C. The Management of Pediatric Open Forearm Fractures. J. Hand Surg. 2020, 45, 523–527. [CrossRef]
12. Singh, A.; Bierrum, W.; Wormald, J.; Eastwood, D.M. Non-operative versus operative management of open fractures in

the paediatric population: A systematic review and meta-analysis of the adverse outcomes. Injury 2020, 51, 1477–1488.
[CrossRef] [PubMed]

13. Pace, J.L.; Kocher, M.S.; Skaggs, D.L. Evidence-based review: Management of open pediatric fractures. J. Pediatric Orthop. 2012, 32
(Suppl. S2), S123–S127. [CrossRef]

14. Godfrey, J.; Pace, J.L. Type I Open Fractures Benefit From Immediate Antibiotic Administration But Not Necessarily Immediate
Surgery. J. Pediatric Orthop. 2016, 36 (Suppl. S1), S6–S10. [CrossRef]

15. Kreder, H.J.; Armstrong, P. The significance of perioperative cultures in open pediatric lower-extremity fractures. Clin. Orthop.
Relat. Res. 1994, 302, 206–212. [CrossRef]

16. Tomaszewski, R.; Gap, A. Results of the treatment of the open femoral shaft fractures in children. J. Orthop. 2014, 11, 78–81.
[CrossRef] [PubMed]

17. Allison, P.; Dahan-Oliel, N.; Jando, V.T.; Yang, S.S.; Hamdy, R.C. Open fractures of the femur in children: Analysis of various
treatment methods. J. Child. Orthop. 2011, 5, 101–108. [CrossRef]

18. Aslani, H.; Tabrizi, A.; Sadighi, A.; Mirblok, A.R. Treatment of open pediatric tibial fractures by external fixation versus flexible
intramedullary nailing: A comparative study. Arch. Trauma Res. 2013, 2, 108–112. [CrossRef]

19. Aslani, H.; Tabrizi, A.; Sadighi, A.; Mirbolook, A.R. Treatment of pediatric open femoral fractures with external fixator versus
flexible intramedullary nails. Arch. Bone Jt. Surg. 2013, 1, 64–67.

20. Bazzi, A.A.; Brooks, J.T.; Jain, A.; Ain, M.C.; Tis, J.E.; Sponseller, P.D. Is nonoperative treatment of pediatric type I open fractures
safe and effective? J. Child. Orthop. 2014, 8, 467–471. [CrossRef]

21. Doak, J.; Ferrick, M. Nonoperative management of pediatric grade 1 open fractures with less than a 24-h admission. J. Pediatric
Orthop. 2009, 29, 49–51. [CrossRef]

179



Children 2022, 9, 1243

22. Godfrey, J.; Choi, P.D.; Shabtai, L.; Nossov, S.B.; Williams, A.; Lindberg, A.W.; Silva, S.; Caird, M.S.; Schur, M.D.; Arkader, A.
Management of Pediatric Type I Open Fractures in the Emergency Department or Operating Room: A Multicenter Perspective.
J. Pediatric Orthop. 2017, 39, 372–376. [CrossRef]

23. Iobst, C.A.; Spurdle, C.; Baitner, A.C.; King, W.F.; Tidwell, M.; Swirsky, S. A protocol for the management of pediatric type I open
fractures. J. Child. Orthop. 2014, 8, 71–76. [CrossRef] [PubMed]

24. Iobst, C.A.; Tidwell, M.A.; King, W.F. Nonoperative management of pediatric type I open fractures. J. Pediatric Orthop. 2005,
25, 513–517. [CrossRef] [PubMed]

25. Laine, J.C.; Cherkashin, A.; Samchukov, M.; Birch, J.G.; Rathjen, K.E. The Management of Soft Tissue and Bone Loss in Type IIIB
and IIIC Pediatric Open Tibia Fractures. J. Pediatric Orthop. 2016, 36, 453–458. [CrossRef] [PubMed]

26. Ozkul, E.; Gem, M.; Arslan, H.; Alemdar, C.; Azboy, I.; Arslan, S.G. Minimally Invasive Plate Osteosynthesis in Open Pediatric
Tibial Fractures. J. Pediatric Orthop. 2016, 36, 416–422. [CrossRef]

27. Ibrahim, T.; Riaz, M.; Hegazy, A.; Erwin, P.J.; Tleyjeh, I.M. Delayed surgical debridement in pediatric open fractures: A systematic
review and meta-analysis. J. Child. Orthop. 2014, 8, 135–141. [CrossRef]

28. Skaggs, D.L.; Friend, L.; Alman, B.; Chambers, H.G.; Schmitz, M.; Leake, B.; Kay, R.M.; Flynn, J.M. The effect of surgical delay on
acute infection following 554 open fractures in children. J. Bone Jt. Surg. 2005, 87, 8–12. [CrossRef]

29. Skaggs, D.L.; Kautz, S.M.; Kay, R.M.; Tolo, V.T. Effect of delay of surgical treatment on rate of infection in open fractures in
children. J. Pediatric Orthop. 2000, 20, 19–22. [CrossRef]

30. Dedmond, B.T.; Kortesis, B.; Punger, K.; Simpson, J.; Argenta, J.; Kulp, B.; Morykwas, M.; Webb, L.X. Subatmospheric pressure
dressings in the temporary treatment of soft tissue injuries associated with type III open tibial shaft fractures in children.
J. Pediatric Orthop. 2006, 26, 728–732. [CrossRef]

31. Halvorson, J.; Jinnah, R.; Kulp, B.; Frino, J. Use of vacuum-assisted closure in pediatric open fractures with a focus on the rate of
infection. Orthopedics 2011, 34, e256–e260. [CrossRef] [PubMed]

32. Garcia-Lopez, E.; Vutescu, E.S.; Orman, S.; Schiller, J.; Eberson, C.P.; Cruz, A.I. Antibiotic Considerations in the Management of
Pediatric Open Fractures: Current Concept Review. JPOSNA 2021, 3. Available online: https://www.jposna.org/index.php/
jposna/article/view/225 (accessed on 3 August 2022).

33. Harris, P.A.; Taylor, R.; Thielke, R.; Payne, J.; Gonzalez, N.; Conde, J.G. Research electronic data capture (REDCap)—A metadata-
driven methodology and workflow process for providing translational research informatics support. J. Biomed. Inform. 2009,
42, 377–381. [CrossRef] [PubMed]

34. Heinze, G.; Ploner, M.; Dunkler, D.; Southworth, H. Firth’s Bias-Reduced Logistic Regression, Version 1.23; 2018. Available online:
https://search.r-project.org/CRAN/refmans/logistf/html/logistf.html (accessed on 3 August 2022).

35. Kortram, K.; Bezstarosti, H.; Metsemakers, W.J.; Raschke, M.J.; Van Lieshout, E.M.M.; Verhofstad, M.H.J. Risk factors for infectious
complications after open fractures; a systematic review and meta-analysis. Int. Orthop. 2017, 41, 1965–1982. [CrossRef] [PubMed]

36. Baldwin, K.D.; Babatunde, O.M.; Russell Huffman, G.; Hosalkar, H.S. Open fractures of the tibia in the pediatric population: A
systematic review. J. Child. Orthop. 2009, 3, 199–208. [CrossRef] [PubMed]

37. Luhmann, S.J.; Schootman, M.; Schoenecker, P.L.; Dobbs, M.B.; Gordon, J.E. Complications and outcomes of open pediatric
forearm fractures. J. Pediatric Orthop. 2004, 24, 1–6. [CrossRef] [PubMed]

38. Patzakis, M.J.; Wilkins, J. Factors influencing infection rate in open fracture wounds. Clin. Orthop. Relat. Res. 1989,
243, 36–40. [CrossRef]

180



Citation: Jamil, K.; Saharuddin, R.;

Abd Rasid, A.F.; Abd Rashid, A.H.;

Ibrahim, S. Outcome of Open

Reduction Alone or with

Concomitant Bony Procedures for

Developmental Dysplasia of the Hip

(DDH). Children 2022, 9, 1213.

https://doi.org/10.3390/

children9081213

Academic Editors: Axel A. Horsch,

Maher A. Ghandour and Matthias

Christoph M. Klotz

Received: 14 July 2022

Accepted: 30 July 2022

Published: 12 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

children

Article

Outcome of Open Reduction Alone or with Concomitant Bony
Procedures for Developmental Dysplasia of the Hip (DDH)
Kamal Jamil * , Rostam Saharuddin, Ahmad Fazly Abd Rasid, Abdul Halim Abd Rashid and Sharaf Ibrahim

Department of Orthopaedics & Traumatology, Faculty of Medicine, Universiti Kebangsaan Malaysia, Cheras,
Kuala Lumpur 56000, Malaysia
* Correspondence: drkortho@gmail.com

Abstract: Introduction: Developmental dysplasia of the hip (DDH) is commonly managed in a tertiary
centre and regularly involves surgical treatment. The aim of this study is to determine the surgical
outcome of DDH patient treated with either open reduction alone or combined with bony procedures
in our institution. Methods: Medical records of DDH patients treated surgically were reviewed.
Patients were divided into two groups: Group A: underwent open reduction (OR) only; and Group
B: underwent open reduction with additional bony procedures (ORB), such as pelvic or femoral
osteotomy. Modified McKay classification was used to evaluate the clinical outcome, and Severin
classification for the radiological outcome. Presence of avascular necrosis and other post-operative
complications were recorded. Results: A total of 66 patients (76 hips) were reviewed with the mean
age of 11.9 ± 4.8 years. Mean duration of follow up was 8.6 ± 4.7 years (ranged 2 to 23 years). From
our sample, 50/66 patients (75.8%) achieved satisfactory clinical outcome, whereas 48/66 patients
(72.7%) had satisfactory radiological outcome. A higher proportion of patients achieved satisfactory
outcomes in the OR group compared to the ORB group (p < 0.05), but no difference was seen in
terms of radiological outcome (p = 0.80). Overall, 23 hips (34.8%) developed radiographic evidence of
avascular necrosis (AVN). Nineteen hips had undergone ORB, although they were mainly (63.2%)
Grade I AVN. Incidence of AVN was comparable in both groups (p = 0.63), but presence of AVN led to
a higher proportion of unsatisfactory clinical and radiological outcome (p < 0.05). Other complications
included redislocation/subluxation (13.6%) and bleeding (0.1%). Conclusions: Good overall outcome
of DDH surgery was achieved in our centre. The OR group may produce a better clinical outcome,
but with similar radiological results and AVN rate with the ORB group. The presence of AVN is
associated with unsatisfactory clinical and radiological outcomes.

Keywords: developmental dysplasia of the hip; open reduction; pelvic osteotomy; femoral osteotomy;
hip dysplasia

1. Introduction

The incidence of DDH varies among different regions and population. In Malaysia,
the incidence of DDH was reported at 0.7 cases per 1000 births [1]. Other countries which
implement universal ultrasonographic screening of DDH reported increasing cases, up
to 25 to 50 cases per 1000 birth [2]. Once diagnosed, the aim of the DDH treatment is to
provide a concentric and stable hip [2–4]. Early initiation of treatment is essential to allow
optimal hip remodelling. If left untreated, the dysplastic hip may lead to dislocation and
the child will have an abnormal gait resulting in hip pain. In the long term, early onset of
osteoarthritis is expected in these cases [5].

Management of DDH is mainly based on the age of presentation. Pavlik harness can
be initiated during the neonatal period. Closed reduction and hip spica are performed
between the ages of 6 to 12 months old if the dislocation persisted. Open reduction with or
without pelvic and femur osteotomy is reserved for cases of failed closed reduction and

181



Children 2022, 9, 1213

for patients with late presentations [3,6]. Successful management of DDH can be reviewed
based on the radiographs and clinical assessments.

Treatment by either closed or open reduction has been shown to lead to favourable
outcomes in many short- to middle-term studies [7–9]. In a walking-age child with DDH,
open reduction with concomitant pelvic osteotomy would provide the best results according
to a recent systematic review [10]. Long-term studies suggested that older age at first
surgery and complication of avascular necrosis are associated with poor outcomes [5,11].
However, there are not many long-term studies on DDH in Malaysia and to the best of
our knowledge there is only one study on the treatment outcome [12]. Therefore, we
decided to review the clinical and radiological outcome of the DDH patients that were
surgically treated at our centre for the past 20 years. We also want to determine whether
an open reduction alone would lead to a similar outcome to a combined surgery with
bony procedures.

2. Materials and Methods

Following the approval of the institutional ethics committee board, we retrospectively
reviewed the medical records of DDH patients who were surgically treated in our centre
since January 1996 to January 2018. All bilateral or unilateral DDH patients operated on
during the study period were included in this study. Patients with teratological, paralytic,
septic, or traumatic hip dislocations were excluded. All patients included had at least two
years of follow-up from the operation date. Figure 1 shows the flowchart of our patient
selection and study design.
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Patients were divided based on the surgical treatment received. Group A consists of
patients who underwent open reduction (OR) only, whilst patients in Group B underwent
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open reduction with either femoral or pelvic osteotomy (ORB). All patients underwent
open reduction with the modified Smith-Petersen approach (anterior approach with bikini
skin incision). In cases where there was significant tension of the surrounding soft tissue
impeding reduction, femoral shortening was performed following the technique described
by Klisic [13]. Pelvic osteotomies (either Salter [14] or Pemberton [15]) were carried out for
patients who had poor femoral head coverage following hip reduction. For both groups
of patients, the child was immobilized in hip spica for a total duration of 3 months post-
operatively. We did not practice pre-operative traction. Surgery was performed by two
senior paediatric orthopaedic surgeons (SI and AHR).

The outcome measures were assessed by reviewing the documented clinical data and
follow-up radiographs. Modified McKay [16] grading was used to evaluate the clinical
outcome of each group. We consider McKay grade I and II (‘excellent’ and ‘good’) as
‘satisfactory’, whereas grade III and IV (‘fair and poor’) are considered as ‘unsatisfactory’
outcomes. The Severin [17] classification was used to evaluate the radiological outcome,
whereby class I and II were considered ‘satisfactory’ and class III and IV were ‘unsatisfac-
tory’. Intra-operative and post-operative complications were reviewed from the medical
records. Any evidence of AVN of the hip was classified using Bucholz and Ogden [18]
classification. Data collection was performed by a single researcher. For the purpose of
analysis, data on the ‘worst’ hip were taken for cases with bilateral DDH.

The data collected were analyzed using the SPSS software version 21.0. The chi-square
and Fishers’ exact test were used for categorical data. The p-value of < 0.05 was considered
as statistically significant.

3. Results

A total of 66 patients (76 hips) were selected with the mean age at surgery of 3.8 ± 2.6 years
and 11.9 ± 4.8 years at the last follow-up. The mean duration of follow up was 8.6 ± 4.7 years
(ranged 2 to 23 years). The majority of patients were females; 57 patients (86.4%) and there
were 9 males (13.6%). Table 1 shows the demographic characteristics of the subjects. Group
B consisted of children who were significantly older than Group A.

Table 1. Demography of the study subjects. OR = open reduction, ORB = open reduction, femoral
procedure ± pelvic osteotomy.

OR
(n = 16)

ORB
(n = 50) p-Value

Age at surgery in years
(mean ± SD) 1.5 ± 0.4 4.5 ± 2.5 <0.05

Age at final follow-up
(mean ± SD) 8.6 ± 4.6 13.0 ± 4.4 <0.05

Gender: N (%)

Male 1
(1.5%)

15
(22.7%) 0.43 *

Female 21
(41.2%)

42
(63.6%)

Laterality: N (%)

Left 7
(10.6%)

28
(10.6%) 0.50 *

Right 7
(56.9%)

14
(21.2%)

Bilateral 2
(3.0 %)

8
(12.1%)

* Fisher exact test.

At the latest follow-up visit, the clinical outcome by modified McKay grading revealed
that 46 patients (69.7%) were grade I (excellent), four (6.1%) were grade II (good) and 16
(24.2%) were grade III (fair). None of the patients were graded as poor, which is grade IV.
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The overall radiological outcome showed that 41 patients (62.1%) had Severin class I,
seven patients (10.6%) class II, two (3%) class III and 16 (24.2%) class IV. In total, 23 hips
(34.8%) developed radiographic evidence of AVN as classified by Bucholz and Ogden. The
majority were grade I (21.2%), followed by grade II (10.6%), and grade III (3%). Figure 2A–C
shows a case example of a patient with a satisfactory outcome, while Figure 3 is an example
of an unsatisfactory outcome.

Children 2022, 9, x FOR PEER REVIEW 4 of 10 
 

 

(56.9%) (21.2%) 

Bilateral 
2 

(3.0 %) 

8 

(12.1%) 
 

* Fisher exact test. 

At the latest follow-up visit, the clinical outcome by modified McKay grading re-

vealed that 46 patients (69.7%) were grade I (excellent), four (6.1%) were grade II (good) 

and 16 (24.2%) were grade III (fair). None of the patients were graded as poor, which is 

grade IV. 

The overall radiological outcome showed that 41 patients (62.1%) had Severin class 

I, seven patients (10.6%) class II, two (3%) class III and 16 (24.2%) class IV. In total, 23 hips 

(34.8%) developed radiographic evidence of AVN as classified by Bucholz and Ogden. 

The majority were grade I (21.2%), followed by grade II (10.6%), and grade III (3%). Figure 

2A–C shows a case example of a patient with a satisfactory outcome, while Figure 3 is an 

example of an unsatisfactory outcome. 

 

Figure 2. Radiographs of a boy treated with open reduction and Salter osteotomy. He had an excel-

lent clinical outcome (McKay grading). (A) Pre-operative anteroposterior pelvic radiograph at age 

20 months showing a left hip dislocation and a dysplastic left acetabulum. (B) Post-operative hip 

radiograph shows hip reduction and the Salter osteotomy stabilised with a K-wire. (C) Anteropos-

terior left hip radiograph showing a normal femoral head shape and acetabulum (Severin class I) at 

age 11 years old. 

Figure 2. Radiographs of a boy treated with open reduction and Salter osteotomy. He had an excel-
lent clinical outcome (McKay grading). (A) Pre-operative anteroposterior pelvic radiograph at age
20 months showing a left hip dislocation and a dysplastic left acetabulum. (B) Post-operative hip ra-
diograph shows hip reduction and the Salter osteotomy stabilised with a K-wire. (C) Anteroposterior
left hip radiograph showing a normal femoral head shape and acetabulum (Severin class I) at age
11 years old.
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Figure 3. Radiographs of a girl treated with open reduction, femoral shortening, and Salter osteotomy.
(A) Pre-operative pelvic radiograph at age 6 years old showing a high right hip dislocation and
dysplastic acetabulum. (B) Post-operative radiograph shows the hip is reduced but retroverted. Salter
osteotomy with a bone graft taken from the resected femoral shaft. The K-wire fixing the bone graft
has been removed. (C) At the age of 13 years, the radiographic outcome is poor (Severin class IV).
There are presence of coxa breva, femoral head subluxation, and severe acetabular dysplasia. Her
clinical outcome by McKay grading was also poor.

Chi-square test found that the rate of unsatisfactory outcome was significantly lower
in the OR group than the ORB (p < 0.05) for the clinical outcome (Table 2). However, both
groups showed a comparable radiological result by Severin class (p = 0.80). There was no
difference in the incidence of AVN between both groups (χ2 =2.66, p = 0.63). Although,
presence of AVN led to a higher proportion of unsatisfactory clinical and radiological
outcome (p < 0.05) (Table 3).

Table 2. Comparison between Group A (OR) and Group B (ORB) according to modified McKay
grading and Severin classification. McKay grade I and II (excellent and good) = satisfactory, grade III
and IV (fair and poor) = unsatisfactory outcome. The Severin classification class I and II = satisfactory
and class III and IV = unsatisfactory. OR = open reduction; ORB = open reduction + femoral procedure
with or without pelvic osteotomy.

Group McKay Grading Total χ2 p-Value

Satisfactory Unsatisfactory
OR 15 1 16

(22.7%) (1.5%) (24.2%)
ORB 33 17 50 4.71 <0.05 *

(50.0% (25.8%) (75.8%)
Total 48 18 66

(72.7%) (27.3%)
Severin Class

Satisfactory Unsatisfactory
OR 11 5 16

(16.7%) (7.6%) (24.2%)
ORB 36 14 50 0.06 0.80

(54.5%) (21.2%) (75.8%)
Total 47 19 66

(71.2%) (28.8%)
* Fisher exact test.
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Table 3. Correlation between presence of AVN and outcome according to modified McKay grading
and Severin classification. McKay grade I and II (excellent and good) = satisfactory, grade III and IV
(fair and poor) = unsatisfactory outcome. The Severin classification class I and II = satisfactory and
class III and IV = unsatisfactory. AVN = avascular necrosis.

AVN McKay Grading Total χ2 p-Value

Satisfactory Unsatisfactory
No AVN 36 8 43

(53.0%) (12.1%) (65.2%)
Grade 1 9 5 14 8.32 <0.05 *

(13.6%) (7.6%) (21.2%)

Grade 2 4
(6.1%)

3
(4.5%)

7
(10.6%)

Grade 3 0 2
(3.0%)

2
(3.0%)

Total 48 18 66
(72.7%) (27.3%)

Severin Class

Satisfactory Unsatisfactory
No AVN 36 7 43

(54.5%) (10.6%) (65.2%)
Grade 1 6 8 14

(9.1%) (12.1%) (21.2%) 13.72 <0.05 *
Grade 2 5 2 7

(7.6%) (3.0%) (10.6%)
Grade 3 0 2 2

(3.0%) (3.0%)
Total 47 19 66

(71.2%) (28.8%)
* Fisher exact test.

We also investigated whether age at the time of primary surgery would influence the
outcome. Comparison between patients operated upon before and after the age of 3 years
old revealed that there were no differences in terms of McKay grading (p = 0.34), Severin
class (p = 0.23), and also incidence of AVN (p = 0.28).

There were seven patients (eight hips) who had had multiple procedures before the
latest follow-up. These patients either had repeat open reduction (one hip) or repeat open
reduction with additional femoral/pelvic procedure (seven hips). They also represent the
hips which had subluxated (five hips) or redislocated (three hips) in our cohort. Apart
from that, nine other patients (11 hips) had history of prior closed reduction (but redislo-
cated) before the index procedure. However, we found that the patients who had multiple
procedures showed a comparable outcome with those patients who underwent a single
procedure only, in terms of McKay grading (p = 0.29), Severin class (p = 0.38), and also inci-
dence of AVN (p = 0.14). Other complication includes intra-operative blood loss requiring
blood transfusion (four hips).

4. Discussion

Our results indicate that the majority of the patients achieved satisfactory clinical
(75.8%) and radiological (72.7%) outcome in the medium to long-term, following the
surgical treatment with open reduction with or without femoral/pelvic procedure. We
construe ‘satisfactory’ outcome as ‘excellent’ or ‘good’ in McKay clinical grading and
Severin I and II class for the radiological outcome. Other studies reported their satisfactory
outcomes in the range of 70–90%, with various DDH procedures performed and different
duration of follow-ups [7,8,19–25]. Many of the authors presented results of a single-
stage procedure, combining open reduction with femoral and pelvic osteotomies [7,19–23].
Medium-term studies showed high percentages of satisfactory outcomes (80–90%) for a
single-stage procedure, with average duration of follow-up of 3 to 6 years [7,19,24–26]. In
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long term studies, few researchers have shown comparable results. Varner et al. reviewed
57 patients at skeletal maturity, with a mean duration of 18 years follow-up and found 78%
satisfactory radiological outcome [8]. Similarly, Wu et al. achieved about 80% satisfactory
clinical and radiological outcome in children treated with open reduction and Pemberton
osteotomy at an 11-years-average follow-up [11].

In our study, we found that children who underwent open reduction alone (OR) fared
better clinically compared to children who had additional bony procedures (ORB). This
is in line with the findings of a recent systematic review which reported that the odds
of having a satisfactory clinical and radiological outcome is higher in the OR group [10].
Though, we did not find any difference in the radiological outcome between the groups in
our study. The same systematic review also suggested that even though the OR group has
a good outcome, they presented with an unacceptably high rates of reoperation, whereby
the odds of needing further non-salvage procedures are as high as 10–15 times compared
to ORB [10]. We have a relatively small number of patients in the OR group (16 patients),
but all of them did not require additional surgeries.

One of the reasons why the OR group might perform better than the ORB is due to
the younger age at surgery. It is generally accepted that ORB procedures are indicated for
children of at least 18 months old, therefore the age differences compared to the OR group
is unavoidable. In a Turkish study, children in the OR group aged below 18 months old
had less AVN and reoperation rates in comparison to the ORB group who were older than
18 months [9]. However, there was no differences in their clinical and radiological outcome.
Age was also found as an independent risk factor for unsatisfactory hip function in other
studies [24,25,27–29]. Older age children have less potential of acetabular remodelling and
may require more complex surgery for their treatment. Holman et al. reviewed 57 patients
at an average age of 30 years old and found that radiological results at maturity deteriorates
in children who were operated after the age of 3 years [5]. We are unable to show this age
effect in our study but many of our patients have not reach skeletal maturity at the latest
follow-up. Ning et al. further divided their patients into three age groups: 1.5 to 2.5 years,
2.5 to 8 years and above 8 years old during the index surgery [25]. Evaluating a large group
of over 800 hips, they found that a single stage procedure at the age between 2.5 to 8 years
produced the best radiological outcome with low AVN rates.

AVN is the most serious complication from DDH surgery. Post-operative AVN has
been reported to be as low as 0% but up to 67% in various studies [30]. This discrepancy
is attributable to the various classifications used to describe this complication. Kalamchi
and McEwen [31] and Bucholz and Ogden [18] are the two popular classifications for AVN
whereby type I class in both classifications would represent temporary epiphyseal mottling
or fragmentation. Type II and above is when the physeal damage is apparent and therefore
could possibly lead to growth disturbances and premature arthritis as young adults. Our
data show clinically relevant AVN in 13.6% of the cases. We found that the incidence was
comparable between the OR and ORB groups, although the presence of AVN was associated
with unsatisfactory clinical and radiological outcomes. Our results are in line with the recent
systematic review which also failed to find a statistical difference between OR alone and OR
with either femoral or pelvic osteotomy in terms of AVN incidence [10]. However, if a single-
stage procedure was performed instead (which involved OR with both femoral and pelvic
procedures), significantly higher rates of AVN were seen as compared to OR alone. Other
studies also associate AVN with unfavourable post-operative outcomes [5,11,24,25,30].

The reason for developing post-operative AVN is still debatable but there are some
postulated risk factors. Older age at surgery, higher grade of dislocation, surgical approach
(anterior vs medial), performing pelvic osteotomy, and extreme hip position in spica have
all been proposed to increase the risk of AVN [26]. Wu et al. investigated the presence
of AVN in 167 hips treated with OR and Pemberton osteotomy [11]. They proposed that
excessive reduction leading to inferior displacement of the femoral head may compress
the lateral epiphyseal artery, thus causing AVN. There is a general belief that performing a
femoral shortening can effectively reduce soft tissue tension therefore able to avoid AVN in
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DDH surgery, although this has not been proven to be true [10]. Despite that, the procedure
may be needed in older children with proximal femoral migration to allow concentric hip
reduction. Apart from that, multiple surgeries theoretically would disrupt the blood supply
to the hip and lead to AVN. However, we were unable to show that repeated procedures
are related to the incidence of AVN in our cohort.

The other challenging complication encountered post operatively is redislocation of
the hip. We had 7/66 patients or 10.6% of cases that needed to be re-operated for this
reason. Other studies reported their redislocation rates around 0–8% [25,32]. Failure to
get the hip reduced deep into the acetabulum is the main reason for redislocation [26].
This may be due to severe joint laxity or increased femoral anteversion. If hip is unstable
following reduction and capsulorrhaphy, additional measures such as femoral or pelvic
osteotomy might be needed to ensure deep positioning of the femoral head at the primary
surgery. Ganger et al. proposed meticulous analysis with CT scan or MRI to assess degree
of femoral anteversion, labral abnormality, and acetabular version in redislocated cases [26].
Revision surgery for redislocated hip is technically demanding and should be performed
by an experienced surgeon.

The results of this study are based on patients operated upon by two senior orthopaedic
surgeons who might have differences in surgical technique but followed a similar treatment
algorithm. However, our study is limited by its retrospective design and relatively small
number of subjects in the OR group. Measurements on radiographs were performed by
a single researcher, but we did not perform reliability study prior to data collection. We
also excluded patients who had been operated elsewhere and referred to us, whose results
might influence the outcome of this study. We had difficulty in comparing our results with
other studies due to the different age groups, duration of follow-up, surgical procedure,
and techniques. This issue was also reported by other authors [10,19]. However, our results
of 70% satisfactory clinical and radiological outcome with a 13.6% AVN rate is in a broad
agreement with other studies [9,22,23,26]. We only included patients with at least 2 years
of follow-up, as that is the minimum duration to assess AVN [9]. Although, Domzalski and
Synder suggested that vascular changes may not be evident until as late as 11 years after
the reduction therefore follow-up less than 10 years may not reflect the true prevalence
of AVN [30]. We did not identify the cause of AVN in our study. To reduce the risk of
AVN, we believe that the surgical principle in DDH which is ‘concentric reduction without
tension’ should be strictly adhered to, even if additional bony procedures may need to
be performed to achieve it. In addition, meticulous surgical technique by highly skilled
surgeon is paramount in difficult cases.

5. Conclusions

The outcome of DDH surgery in our centre is comparable to other studies. The OR
group may produce a better clinical outcome, but with similar radiological consequence
and AVN rate with the ORB group.
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Abstract: Widely used surgical treatment for adolescent idiopathic scoliosis (AIS) is posterior spinal
fusion using pedicle screw instrumentation (PSI). Two-dimensional (2D) or three-dimensional (3D)
navigation is used to track the screw positioning during surgery. In this study, we evaluated the
screw misplacement, complications, and need for reoperations of intraoperative 3D as compared
to 2D imaging in AIS patients. There were 198 adolescents, of which 101 (51%) were evaluated
with 2D imaging and 97 (49%) with 3D imaging. Outcome parameters included radiographic
correction, health-related quality of life (HRQOL), complications, and reoperations. The mean
age was 15.5 (SD 2.1) years at the time of the surgery. Forty-four (45%) patients in the 3D group
and 13 (13%) patients in the 2D group had at least one pedicle screw repositioned in the index
operation (p < 0.001). Six (6%) patients in the 2D group, and none in the 3D group had a neurological
complication (p = 0.015). Five (5%) patients in the 2D group and none in the 3D group required
reoperation (p = 0.009). There were no significant differences in HRQOL score at two-year follow-
up between the groups. In conclusion, intraoperative 3D imaging reduced pedicle screw-related
complications and reoperations in AIS patients undergoing PSI as compared with 2D imaging.

Keywords: scoliosis; O-arm; navigation; pedicle screws; complication; spinal fusion; adolescent
idiopathic scoliosis

1. Introduction

Scoliosis is a spinal deformity, which refers to the deviation of the spine greater than
10◦ in the coronal plane. The most common type of scoliosis is idiopathic scoliosis, which,
based on the age of onset, can be classified as infantile, juvenile, and adolescent. Adolescent
idiopathic scoliosis (AIS) is the most common form of idiopathic scoliosis, affecting 1–3%
of children in the at-risk population of those aged 10–16 years [1,2]. Although most
adolescents with AIS will not develop pain or neurologic symptoms, scoliosis can progress
to rib deformity and respiratory compromise and can cause significant cosmetic problems
and emotional distress. Treatment options for AIS include observation, bracing, and surgery.
The goals of treatment for pediatric idiopathic scoliosis are to correct deformity, prevent
curve progression, and restore trunk symmetry and balance [1,2].

Posterior corrective surgeries using pedicle screw instrumentation (PSI), which al-
lows curves to be corrected in three dimensions, have become the most popular surgical
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treatment for scoliosis [3,4]. Pedicle screws provide better deformity correction, improved
pulmonary function, reduced blood loss, shorter fusion levels, and reduced operation
time compared to prior correction methods [4–8]. Posterior spinal fusion (PSF) is carried
out using subperiostal exposure, bilateral facetectomy, and application of bone graft on
decorticated posterior spinal bony elements. To address scoliosis the spine is instrumented
bilaterally using pedicle screws and these are connected with rods, which allows the
straightening of the spine and preventing the curve from progression. PSF with pedicle
screws is the gold-standard treatment for AIS. It allows three-dimensional correction of the
spinal deformity, and furthermore, with pedicle screw instrumentation provides good cor-
rection of the scoliosis with low reoperation rates [3,4]. There is evidence, that patients who
underwent posterior spinal fusion with pedicle screws experienced improved back pain
and health-related quality of life compared with patients with untreated AIS [5]. In contrast
to the comparative efficacy of this technique in correcting scoliosis, screw placement has
increased risks of causing complications, such as neurological or vascular injuries [6,7].

High screw density helps restore thoracic kyphosis and correct spinal rotation [8].
Computer tomography (CT)—based navigation methods have improved results on the
radiographic outcomes and reduced the number of misplaced screws significantly [9,10].
C-arm fluoroscopic imaging has been used for years and has enabled relatively accurate
placement of pedicle screws. However, the C-arm system only provides two-dimensional
(2D) fluoroscopic images, for which additional artificial correction during the operation is
required in cases with severe deformities due to scoliosis. The flexibility of the growing
spine and anatomical deformities caused by AIS reduce navigation accuracy, and even
navigated screws are sometimes misplaced [11]. The use of modern three-dimensional (3D)
intraoperative imaging and navigation techniques have been introduced for the accurate
insertion of pedicle screws (PS) for the growing spine. O-arm (Medtronic Inc, Louisville, KY,
USA), which is a cone beam CT that provides 3D imaging is one of the latest intraoperative
imaging platforms to allow real-time multidimensional surgical imaging. It has become
increasingly popular in the spinal surgery during the last decade [12,13]. Advanced
intraoperative CT-based imaging and navigation increase both cost and operation time.
Therefore, their use needs to be justified by improved safety and outcome [9].

Our strategy has been to use free-hand pedicle screw insertion and to verify the screw
positioning with intraoperative 2D imaging using C-arm, and more recently, 3D imaging
using O-arm before the corrective maneuvers. In this study, we aimed to evaluate the
complications, need for reoperations, and health-related quality of life (HRQOL) of 3D
imaging (O-arm) as compared to 2D imaging (C-arm) in a consecutive series of AIS patients
treated with posterior spinal fusion. We hypothesized that intraoperative 3D imaging
would reduce pedicle screw-related complications compared to 2D fluoroscopy facilitating
the identification of significant pedicle screw malposition.

2. Materials and Methods

This is a retrospective analysis of patients with AIS treated with PSI and evaluated
with 2D or 3D intraoperative imaging. Patients were treated in an academic tertiary medical
center between 2009–2021. The indication for surgery was a primary curve greater than a
Cobb angle of 45◦. Patients underwent a posterior spinal fusion with bilateral segmental
pedicle screw instrumentation using a combination of vertebral column derotation tech-
niques and selective translation, compression, as well as a distraction [5]. The inclusion
criteria of the study were a diagnosed AIS, age between 10–21 years, and posterior spinal
fusion with segmental PSI. Exclusion criteria were bleeding disorder, Chiari malformation
or syringomyelia in magnetic resonance images, and need for anteroposterior approach or
vertebral column resection. All procedures were performed by the same senior orthopedic
spine surgeon and patients had a minimum of six months of follow-up (mean 2.0 years,
range 0.5–3.2). The study received approval from the Ethics Committee of the Hospital
District (ETMK 96/1801/2020).
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Intraoperative 3D-imaging scan using the O-arm (Medtronic Inc., Louisville, KY, USA)
became available at our institution in 2016. There were 198 consecutive adolescents, of
which 101 (51%) were evaluated during 2009–2016 with intraoperative 2D imaging scan (de-
signed as a 2D group) and 97 (49%) were evaluated during 2016–2021 with intraoperative
3D imaging scan (designed as a 3D group). Intraoperative spinal cord (motor evoked and
somatosensory potentials) and lumbar nerve root monitoring (electromyography, EMG)
were performed in every patient in both study groups. Prospectively collected institu-
tional pediatric spine register was used to acquire data including clinical characteristics,
radiographic parameters, health-related quality of life outcomes, and complications.

2.1. Intraoperative Imaging

Pedicle screws in the 2D group were intraoperatively evaluated using traditional
methods including posteroanterior and lateral fluoroscopic imaging after all screws were
placed. Non-harmonious screws or screws violating bony landmarks were identified. In
the 3D group, O-arm spins of every screw were obtained at the end of screw placement.
This required typically two different imaging sessions as the height of the one imaging area
was limited to five or six levels. Settings included standard thoracic values for the lumbar
and lower thoracic area and high-density values in the upper thoracic area.

2.2. Surgical Technique

All patients were treated with bilateral segmental pedicle screw instrumentation
for adolescent idiopathic scoliosis. Pedicle screws were inserted using the free-hand
technique [5,14] by the senior orthopedic spine surgeon or under his direct supervision.
The screw placement was standardized including three pairs of polyaxial screws on top
of the construct, uniplanar screws in the midthoracic spine, a single polyaxial screw in
the concave apex, and polyaxial screws in the lumbar spine. Screw diameters varied from
4.5 mm to 6.5 mm.

The decision to replace a screw in the 2D group was based on an intraoperative neu-
romonitoring (IONM) event (decrease of 50% or more in the motor evoked potential) or a
pedicle screw violating the bony landmarks on the 2D imaging. Intraoperative neuromoni-
toring was performed with 15-min interval and at standard procedure time points: before
incision, exposure completed, pedicle screws implanted, correction completed, and wound
closed. Fluoroscopic 2D imaging was performed after all screws were placed. In the 3D
group, intraoperative neuromonitoring events and intraoperative 3D imaging were used
for the decision to replace screws. Intraoperative 3D imaging scans were evaluated by the
senior surgeon and misplaced screws of 2 mm or more were replaced during the index
procedure.

2.3. Scoliosis Research Society-24 (SRS-24) Outcome Questionnaire

The SRS-24 is a disease-specific health-related quality of life (HRQOL) questionnaire
used to assess the current state of the patient with AIS and the outcomes of scoliosis surgery.
The questionnaire has seven domains: pain, general self-image, function from a back
condition, the general level of activity, postoperative self-image, postoperative function,
and satisfaction. Each domain score ranges from 1 to 5, with higher scores indicating better
patient outcomes. The maximum raw score of SRS-24 is 120 points (corresponding mean
maximal score of 5.0 points) [15].

2.4. Statistical Analyses

The normal distribution assumption of the data was verified visually with QQ-plot
and with the Shapiro–Wilk test. Descriptive statistics were presented in absolute numbers
and percentages or means with standard deviations (SDs) or ranges. Statistical comparisons
between the groups were performed with the chi-squared test for categorical parameters
and with an independent-samples t-test for continuous variables. All analyses were con-
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ducted in JMP® for Macintosh, Version 16.1 (SAS Institute Inc., Cary, NC, USA, 1989–2021).
p values < 0.05 were considered statistically significant.

3. Results

The mean age of the patients was 15.5 ± 2.1 years, and the mean Cobb angle of the
main curve was 52◦ ± 8.2◦ at the time of the surgical procedure, with a remaining curve
of 13◦ ± 4.7◦ at the final follow-up. There were 1931 pedicle screws in the 3D group and
2048 in the 2D group. There were no significant differences in age, gender, radiographic
correction of the deformity, or SRS-24 total score at six months or two-year follow-ups
between the two groups (Table 1).

Table 1. Clinical characteristics of the study groups.

Characteristics 3D Group
(n = 97)

2D Group
(n = 101) p-Value

Number of pedicle screws 1931 2048
Age at surgery, years 15.5 (10.5–21.9) 15.5 (10.7–22.5) 0.867
Female gender, n (%) 67 (69%) 75 (74%) 0.418
Follow-up time, years 1.8 (0.50–2.6) 2.1 (0.54–3.2) <0.001
Major curve, degrees

Preoperative 52 (45–83) 53 (45–84)
0.138Postoperative 13 (2–28) 12 (2–24)

Repositioning of at least one pedicle
screw at the index procedure 44 (45%) 13 (13%) <0.001

SRS-24 total score
Preoperative 3.7 (2.4–4.6) 3.8 (2.5–4.4) 0.462

6 months follow-up 3.9 (2.4–4.6) 3.8 (2.7–4.7) 0.393
2-year follow-up 4.1 (2.5–4.7) 4.0 (2.9–4.6) 0.271

3.1. Need for Screw Repositioning

In the 3D group, 44 (45%) of the patients had at least one pedicle screw repositioned
in the index operation, as compared with 13 (13%) in the 2D group (p < 0.001). A total of
70 screws (3.6% of all screws, average 0.73 per patient, range 0–4) were replaced in the
index procedure in the 3D group, as compared with 13 (0.63%, average 0.13 per patient,
range 0–2, p < 0.001) in the 2D group. In the 3D group, 43 of the replaced screws breached
the medial wall (61%, mean breach 3.2 mm, range 2–6.5 mm), 17 breached the lateral wall
of the pedicle (24%, mean breach 3.6 mm, range 2–6), and 10 the anterior cortex (15%, mean
breach 2.7 mm, range 1.1–5 mm) of the vertebrae. Four patients in the 3D group and one
in the 2D group had a screw replaced due to a sagittal breach. After screw repositioning,
screw placement was verified using 2D imaging in both groups. One patient had transient
IONM change (correction maneuver) requiring no replacement of screw in the 3D group.
Nine patients in the 2D group had a screw removed intraoperatively due to an IONM
signal change.

3.2. Complications

Complications are listed in Table 2. There were no new neurological deficits related to
screw misplacement in the 3D group compared to six (5.9%) in the 2D group (p = 0.015).
The more detailed description of new neurologic deficits and outcomes are represented
in Table 3. Five (4.9%) patients in the 2D group required reoperation due to pedicle screw
complications compared to no reoperations in the 3D group (p = 0.009).

Postoperative CT scans were performed to the six patients with new neurological
deficits in the 2D group. Of the five patients requiring screw removal in the 2D group,
two were performed during the index procedure and three in a separate procedure. Four
patients in the 2D group had a new motor deficit ranging from muscle weakness to paresis.
Three of these patients underwent reoperation within 48 h after the index surgery. One pa-
tient with fractured L4 pedicle causing chronic pain and atrophy of quadriceps muscles was
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treated conservatively with frequent monitoring. Two patients in the 2D group developed
postural headache due to delayed dural lesions and required reoperation at approximately
three months after the initial surgery. None of the patients had deep surgical wound site
infection. Three patients in the 2D group, and none of the patients in the 3D group had
superficial surgical site infection (p = 0.043). None of the patients requiring reoperation had
wound-related complications or infections.

Table 2. Complications in the study groups.

Complication 3D Group
(n = 97)

2D Group
(n = 101) p Value

Neurologic complications * 0 6 0.015
Motor deficit 0 4 0.048

Intraoperative monitoring change ** 1 9 0.011
Cerebrospinal fluid leak 2 3 0.683

Intraoperative 2 1 0.534
Delayed 0 2 0.100

Surgical site infection
Superficial 0 3 0.043

Deep 0 0 NA ***
* Includes new postoperative motor deficits as well as postural postoperative headache. ** Decrease of the motor
evoked potential of 50% or more intraoperatively. *** Not applicable.

Table 3. New postoperative neurologic deficits and outcome.

Patient Age at Surgery,
Years

Follow-Up
Time, Years Levels Neurologic Deficit Actions Taken Outcome

1 15.2 2.1 T4–L2 Isolated paresis of L5
level

Re-operation. T12 screw
compressing cord, screw

removed and a local
decompression.

Full recovery at
follow-up.

2 18.1 2.0 T2–L3

Post-operative
muscle weakness in

the left lower
extremity.

Re-operation. T5 screw
compressing cord and

screw removed

Full recovery at
follow-up.

3 19.2 2.0 T6–L3 Postural headache
Re-operation. Pedicle

screw removed,
saturation of the dura.

Full recovery at
follow-up.

4 16.0 2.1 T5–L4

Motoric denervation
in L3 and L4

myotomes according
to ENMG

Frequent monitoring

Fracture healed and
fragments

disappeared in
control CT. Mild

quadriceps atrophy
and pain after

exercise at follow-up

5 16.7 2.0 T11–L3
Right sided muscle
weakness in lower

extremity

Re-operation. T11
pedicle screw removed.
Decompression using

enlarged posterior
column osteotomy

presented with no cause.
Index operation stopped.

Mild spinal deficit at
follow-up. Right side

trunk muscle
weakness and

sensory deficit in
lower extremity.

6 15.3 2.0 T6–L3 Postural headache
Re-operation. Pedicle

screw removed,
saturation of the dura

Full recovery at
follow-up.

Four of the patients with neurological complications in the 2D group had a full
recovery during the follow-up. Two patients developed a permanent neurological deficit.
One patient had persistent mild spinal cord deficit (brisk reflexes) and right-sided motor and
sensory impairment on the trunk. Another patient had a fractured pedicle and developed
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denervation of quadriceps muscle in electromyography, which lead to quadriceps muscle
atrophy and chronic pain at follow-up.

4. Discussion

We present findings on the value of advanced intraoperative 3D imaging after free
hand pedicle screw placement in adolescent idiopathic scoliosis. Advanced intraoperative
3D imaging reduced pedicle screw-related complications and reoperations in adolescents
undergoing pedicle screw instrumentation for idiopathic scoliosis as compared to intraop-
erative 2D fluoroscopic imaging.

Free-hand pedicle screw instrumentation based on anatomic bony landmarks is fast
and effective and carries a relatively low risk for neural deficits. The accuracy of navigation
is limited due to movement between the reference and the instrumented level in the
mobile growing spine often resulting in lateral deviation of the screw tip [9]. Patients
with pedicle screws placed with CT-guided navigation have a lower rate of severely
malpositioned screws and unplanned returns to the operating room than patients with
pedicle screws placed with freehand/fluoroscopic technique [16–18]. A study on spinal
navigation showed a significant shortening of the operation time as more experience was
gained, thus demonstrating a positive effect on the learning curve [19].

There exist previous studies reporting the value of navigation-based pedicle screw
instrumentation in this spinal condition [11,20]. CT scan is the standard imaging method
for evaluating pedicle screw breaches. Plain radiographs have poor reliability in detecting
pedicle screw breaches. A cadaveric study on intraoperative 3D-imaging scans reported
high accuracy on significant breaches, but lower accuracy on breaches under 2 mm due
to artifact signals [10]. However, minor breaches are considered probable safe zone [21].
Kobayashi et al. reported similar radiation exposure in intraoperative and preoperative CT
scans suggesting that low dose protocol might help reduce the overall intraoperative dosage
when compared to fluoroscopy [22]. Intraoperative 3D imaging reduces the radiation
dosage for the surgical team, as it allows more efficient radiation protection.

Insertion of pedicle screws in pediatric patients is challenging due to the small osseous
elements of the growing spine. The rotational deformity further complicates the estimation
of the screw positioning [23]. However, the elastic nature of immature pedicles allows
enlargement of the bony walls, and therefore, screws up to 115% of the pedicle diameter
can be implanted [7]. Studies with computer tomography (CT) have reported a wide range
of misplaced screws. The largest study of 2020 screws reported a 20.3% perforation rate [24].
Most of the moderate breaches of the pedicle are asymptomatic and overall, PSI has a
relatively low complication rate in pediatric scoliosis surgery [6,24]. However, delayed
complications caused by previously unrecognized breaches have been reported [25–27].
The surgical operations on the spine have gradual learning curves and there are many
intraoperative difficulties and complications which can be encountered. Advanced intra-
operative 3D imaging provides a useful aid for less experienced surgeons, as it provides
immediate feedback and extra information during the surgery.

A recent study based on prospective adolescent idiopathic scoliosis database found an
overall 0.4% incidence of return to the operating room due to screw malposition between
years 2003 and 2017. Return to OR for screw malposition changed from 2003 to 2017
(1–0.2%) [28]. Moderate evidence shows CT guidance has lower point estimates of breach
rates than free-hand methods at 7.9% compared with 9.7–17.1%. Screw-related complication
rates are conflicting at 0% in CT navigation compared with 0–1.7% in 13 low- and moderate-
quality studies [29,30].

Long-term outcomes of asymptomatic misplaced pedicle screws have not been exten-
sively reported. In the literature, delayed postural headaches have been reported three
months after the index procedure [26,31]. The intraoperative dural lesion is usually noticed
during the screw placement due to cerebrospinal fluid leakage. The reports of delayed cere-
brospinal fluid leak may indicate perforation of the dura over time by moderately breached
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screws. We hypothesize that most pedicle screw complications could be prevented by
intraoperative evaluation of the screw positioning using 3D imaging after screw placement.

In our study, the screw revision rate was 3.9%. This is in accordance with literature.
Larson et al. [11] reported high accuracy of pedicle screws inserted with intraoperative CT
based navigation with a screw revision rate of 3.9%, but even after navigated screw insertion,
a control CT scan was performed. In their study, the screw revision rate was significantly
higher in pediatric than in adult patients. In the study of Sembrano et al. 602 pedicle
screws were evaluated with an intraoperative CT scan and 2.8% were intraoperatively
revised [32]. The HRQOL was assessed using the SRS-24 questionnaire. Despite the
neurological complications in the 2D group, there were no statistically significant differences
in 6 months or 2-year follows ups.

Further research is needed on the use and accuracy of navigation in pediatric spine.
Evaluation of free-hand pedicle screws using advanced 3D imaging provides an intermedi-
ate method to maintain both effectiveness and safety of pedicle screw instrumentation in
adolescents undergoing surgery for idiopathic scoliosis.

Limitations

The current study was a retrospective evaluation of the value of advanced intraopera-
tive 3D imaging on the safety of freehand pedicle screw placement in consecutive series
of adolescents undergoing posterior spinal fusion for idiopathic scoliosis. Ideally, such
evaluation should be performed in a randomized clinical trial. It is possible that the reduced
number in the reoperations and complications in the 3D group might reflect the learning
curve of the surgical team. However, the use of intraoperative 3D-imaging revealed signifi-
cant number of pedicle screw breaches which were corrected during the index surgery. As
CT scans were not routinely available for the 2D group, no comparison could be made in
the accuracy of the screw placement between the groups. The study design was a single
center, single surgeon series including 198 consecutive patients from 2009 to 2021 and not
all patients had a minimum two-year follow-up. Clinical (complications), radiographic,
and health-related quality of life data was based on a prospective spine register. The current
study did not include cost-effectiveness analysis which should be investigated in the future.

5. Conclusions

Intraoperative 3D-imaging reduced pedicle screw related complications and reoper-
ations in adolescents undergoing pedicle screw instrumentation for idiopathic scoliosis
as compared with traditional intraoperative fluoroscopic 2D imaging. However, the im-
proved clinical outcome was not reflected by better health-related quality of life at the final
follow-up. Furthermore, 3D imaging provides immediate educational feedback for less
experienced surgeons.
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Abstract: Closed reduction followed by spica casting is a conservative treatment for developmental
dysplasia of the hip (DDH). Magnetic resonance imaging (MRI) can verify proper closed reduction
of the dysplastic hip. Our aim was to find prognostic factors in the first MRI to predict the possible
outcome of the initial treatment success by means of ultrasound monitoring according to Graf and
the further development of the hip dysplasia or risk of recurrence in the radiological follow-up
examinations. A total of 48 patients (96 hips) with DDH on at least one side, and who were treated
with closed reduction and spica cast were included in this retrospective cohort study. Treatment
began at a mean age of 9.9 weeks. The children were followed for 47.4 months on average. We
performed closed reduction and spica casting under general balanced anaesthesia. This was directly
followed by MRI to control the position/reduction of the femoral head without anaesthesia. The
following parameters were measured in the MRI: hip abduction angle, coronal, anterior and posterior
bony axial acetabular angles and pelvic width. A Graf alpha angle of at least 60◦ was considered
successful. In the radiological follow-up controls, we evaluated for residual dysplasia or recurrence.
In our cohort, we only found the abduction angle to be an influencing factor for improvement of the
DDH. No other prognostic factors in MRI measurements, such as gender, age at time of the first spica
cast, or treatment involving overhead extension were found to be predictive of mid-term outcomes.
This may, however, be due to the relatively small number of treatment failures.

Keywords: spica cast; closed reduction; developmental hip dysplasia; hip luxation; MRI

1. Introduction

The estimated incidence of developmental dysplasia of the hip (DDH) in infants
varies geographically from 0.1–30 per 1000 newborns, depending on the population [1–3].
Unrecognized and untreated DDH can lead to premature osteoarthritis and is responsible
for up to one-third of hip replacements in adults younger than 60 years [1]. The exact
etiology of DDH remains unknown and is likely multifactorial, with its pathophysiology
reflecting a combination of primary abnormal acetabular development and secondary
abnormal interaction between the femoral head and the acetabulum during perinatal
life [4]. Specifically, previous studies have shown that breech intrauterine position, family
history of DDH and female gender are the most important risk factors for DDH [1,5]. Other
risk factors such as first-born, oligohydramnios, overly restrictive swaddling practices and
foot abnormalities have been linked to DDH, but the evidence is weaker [2,5].

Detected at an early age by ultrasound, developmental hip dysplasia (DDH) can
be very effectively treated by conservative means, even in severe cases. Success rates of
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90.4–99.8% have been shown for the Tübinger splint, the Pavlik harness, or casts, and
as such are considered first-line therapy in neonates [6–9]. These splints or casts exploit
the huge potential for growth and remodeling of the newborn hip [10]. The goal of
treatment in these cases is to achieve and maintain concentric reduction of the hip joint to
promote femoral head coverage, and congruent acetabular and femoral head development.
Treatment is guided by the age at presentation and the severity of the disease [11]. Later,
once the ossification center has formed in the femoral head, the sonographic possibilities
become limited and AP X-ray of the pelvis provides superior diagnostic information [12].
Here, the acetabular index is the relevant parameter up to the age of 4. Beginning at the
age of 4, the centre-edge angle (CE angle), according to Wiberg, becomes increasingly
relevant [13].

In German-speaking countries, conservative therapy is usually guided by ultrasound of
the hip. In these regions, the Graf technique has prevailed (see also Section 2.3 Measurements).

The algorithm varies in the case of spica casting. Some prefer leaving window in
the cast to perform a transinguinal ultrasound [14–16]. This additional window reduces
the stability of the cast, which is why others prefer magnetic resonance imaging (MRI) to
evaluate the position of the femoral head after closed reduction and cast application [17–21].
Further available imaging methods are X-ray or computer tomography (CT) scans [22–24].
Reported rates of recurrent dislocation identified on cross-sectional imaging after closed
reduction range from 6% to 15% [12]. Although the sensitivity and specificity of CT
and MRI for detecting dislocation have been found to be equivalent [25], MRI has the
advantage of not exposing the sensitive developing tissues to ionizing radiation and
providing superior soft-tissue resolution and enhancement profiles. Specifically, in cases of
abnormal post-reduction hips, MRI can identify obstacles to reduce and detect unexpected
complications [12]. Due to the unnecessary radiation exposure and no proper display of
the cartilaginous hip, we prefer MRI after closed reduction and spica cast application. Even
though the correct centre of the femoral head is the main concern, several indices can be
measured in MRI. Jaremko et al. evaluated several of these for dysplasia on infant hip MRI
(see Section 2.3 Measurements) [26]. Indices of hip dysplasia and adequacy of reduction
differ between modalities, including ultrasound, radiography, CT, MRI and arthrography
with limited cross-correlation. Jaremko comprehensively adapted all available DDH indices
from CT and other modalities to MRI, and tested which could be feasibly measured on
MRI, assessed interobserver variability, and correlated indices to each other [26].

Using these indices, our aim was to find parameters on the first MRI after closed
reduction and spica cast application correlating with the outcome. In this regard, we looked
for prognostic factors predicting the expected success of treatment. To our knowledge,
there are no comparable studies to this topic so far.

By means of the parameters measurable in MRI, we wanted to find out whether
they can predict conservative therapy success or failure in terms of residual dysplasia or
recurrence rate.

2. Patients and Methods
2.1. Patients Population

In this retrospective cohort study, we included all 48 patients (96 hips) with DDH on
at least on one side, who were consecutively treated with closed reduction and spica cast
between 2005 and 2016 at our institution. The diagnosis was confirmed by an ultrasound
in our department. Moreover, 84/96 (87.5%) were female and 12 (12.5%) were male; 54.2%
(26/48) were bilateral and 45.8% (22/48) had DDH on one side. Since a spica cast always
retains both hips, the healthy opposite sides were also retained in the patients affected
on only one side—no reduction was necessary, nor occurred on the healthy side. This
ultimately resulted in 69 hips with DDH and 27 healthy hips being treated with a spica cast.

Initial Graf types were type 1a or 1b 27/96 (27.2%), type 2a 9/96 (9.1%), type 2b 3/96
(3.0%), type 2c 12/96 (12.1%), type D 12/96 (12.1%), type 3a 21/96 (21.2%), type 3b 3/96
(3.0%) and type 4 7/96 (7.1%) [27–29]. One patient had no initial ultrasound in our data.
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Six patients (12.5%) had received overhead extension prior to spica casting. Furthermore,
3/6 had at least on one site Graf type 4, 1 type 3b and 1 patient had a type 2c hip at
initial presentation to our outpatient department after having been treated with overhead
extension and spica cast in different hospitals before (the hip was initially Graf type 4). The
remaining patient had already started ossification of the unstable decentred femoral head
upon initial presentation to our outpatient department at the age of 5 months. We initiated
an overhead extension because of the age of the child and the instability of the hip.

Patients with neurogenic or syndromic hip dysplasia were excluded. The exact age at
diagnosis could not be determined adequately because the records are incomplete. We were
not able to retrospectively verify the time of initial diagnosis for each patient, which was
generally made prior to presentation to our department. The treatment began at our de-
partment at a mean child age of 9.9 weeks (s = 6.0) (range 4 to 33 weeks). Treatment of male
patients started at a mean of 7.3 weeks (s = 2.2) and female patients at 10.3 weeks (s = 6.3)
of age. This difference was highly significant (p = 0.003). A follow-up was 47.4 months on
average (s = 34.5). 9/48 (18.8%) children had a known risk factors for DDH with a breech
presentation and/or positive family history.

2.2. Treatment Technique

All patients received a Graf hip ultrasound at our institution to confirm the diagnosis.
In cases of an unstable hip (type IIc unstable or more according to Graf’s classification) on
at least one side, we performed closed reduction and spica casting (see Figures 1 and 2).
The patients were deemed too old to try a Tübingen splint when they presented to our
outpatient clinic. Cooper et al. and Seidl et al. described the Tübingen splint as a successful
option for very young infants. The standard therapy for unstable hips at this age is the spica
cast [30,31]. The duration of the cast therapy was determined according to the patient’s
age and the severity of the disease. The standard therapy was two serial casts of 3 weeks
duration. Afterwards, an ultrasound reevaluation was performed. If the DDH was still
severe, a further spica cast was applied again for an additional 3 weeks if necessary. If DDH
was deemed mild, or the alpha angle was less than the target of 64◦ or more, a Tübingen
splint was applied; if an alpha angle of 64◦ or more was measured, the treatment was
stopped. If a severe DDH was initially present in a very young infant, a 3-week cast therapy
was sometimes carried out and then an ultrasound reevaluation performed to decide if
the standard two rounds of 3-week treatment spica cast should be continued, or if another
option, such as a Tübingen splint was sufficient.
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Figure 2. Shows a patient in a spica cast with hip abduction and flexion.

To reach a good result, the reduction was performed under general balanced anaesthe-
sia with laryngeal masks. In all cases, MRI was performed directly after closed reduction
to control the position/reduction of the femoral head without additional anaesthesia by
taking advantage of residual anaesthesia. In unsteady infants, positioning aids were used,
such as a light sandbag to support the spica cast, to additionally minimize movement
artefacts in MRI. For MRI sequences see Table 1. The spica cast was renewed after 3 weeks
once or twice depending on the initial severity of DDH.

Table 1. Post spica cast pelvic MRI protocol parameters, FOV field of view, fs fat saturation, PD
proton density, TE echo time, TR repetition time.

Sequence FOV
(mm)

Voxel Size
(mm)

Slice Thickness
(mm) Gap (%) Foldover

Direction TR (ms) TE (ms) Acquisition
Matrix

Cor PD tse 320 160 0.5 × 0.5 × 2.0 2.0 10 RL 1500 24 160
Cor T2 tseRB 320 200 0.6 × 0.6 × 2.0 2.0 10 FH 3180 97 200

Axial T2 tseRB fs 320 200 0.6 × 0.6 × 2.0 2.0 20 RL 2900 73 200
Axial T2 tseRB 320 200 0.6 × 0.6 × 2.0 2.0 20 RL 3400 97 200
Axial PD tseR 320 200 0.6 × 0.6 × 2.0 2.0 20 RL 1800 22 200

Sag PD tse 384 re/li 160 0.5 × 0.4 × 2.0 2.0 10 AP 1500 35 160

After the scheduled spica cast therapy, an ultrasound was carried out to reevaluate
the hip. If the alpha angle was still below 64◦, the therapy was continued with a Tübingen
splint until the desired maturation of the hip occurred. The Tübingen hip flexion splint is a
removable orthosis that fixes the squat position of the hip and was invented by Prof. Bernau
for the treatment of stable hip joints [32]. In this study, treatment control was performed
using ultrasound with the technique described by Graf. An alpha angle of at least 60 ◦

(Graf Typ I) was required to end therapy (treatment goal was defined as an alpha angle
over 64◦, but in cases where a type 1 hip had been achieved some parents opted to end
further treatment). Afterwards, the children were followed-up according to our in-house
standards by means of X-ray until the end of growth. The patients presented 2–3 months
after the start of walking, around the age of 3, shortly before starting school, before the
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pubertal growth spurt and at the end of growth (see Figure 1). This way, recurrences could
be detected accordingly and the development of the hip could be observed. Mild dysplasia
was further observed and partly treated with a nighttime abduction wedge. If the CE angle
was less than 15◦, surgical reconstruction was indicated.

2.3. Measurements

Ultrasound was performed with the Graf technique [33,34]. The child is placed in a
lateral position in a positioning tray and examined with a linear ultrasound transducer.
This is applied to the greater trochanter in the longitudinal axis of the child and produces
a frontal section through the acetabulum. After anatomical identification and usability
testing, the α- and β-angles are determined (see Figure 3). The tangent to the os ilium is
the baseline for both angle determinations. Two guide lines are added to this baseline to
measure the bony acetabular roof angle α (bone angle) and the cartilaginous acetabular roof
angle β (cartilage angle). For the latter, a connecting line (display line) is drawn between
the bony acetabular notch (turnover point) and the centre of the acetabular labrum. The
bony notch is located at the point where the acetabulum changes its profile from concave
to convex. For the α-angle, a tangent is drawn to the bony acetabulum starting from the
lower edge of the os ilium.
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determinations. For the α-angle, a tangent is drawn to the bony acetabulum starting from the lower
edge of the os ilium (C) For the latter, a connecting line (display line) is drawn between the bony
acetabular notch (turnover point) and the center of the acetabular labrum. The bony notch is located
at the point where the acetabulum changes its profile from concave to convex. The angle between the
two lines is called β-angle.

Alpha and beta angle were measured initially and after ending spica cast therapy,
and until ending treatment or ossification of the femoral head. If the femoral head already
ossified during follow-up we performed X-rays instead of ultrasound to follow-up. This
usually happens around 8 months of age. 6 children were lost to follow-up at the first
planned X-ray after they had begun walking. All other children showed femoral head
ossification by the follow-up time. An angle of 64◦ or more was rated as excellent, 60–63.9
as good, and below this as poor. The aim was to achieve a type I hip according to Graf,
which accordingly has an alpha angle of at least 60◦ and thus to achieve a normal hip.

For MRI indices, we used those described by Jaremko et al. (see Figure 4) [26]. First the
hip abduction angle (Abd.) is measured in the axial T1 phase on the image with the largest
diameter of the femoral heads. This is defined as the angle between a perpendicular line to
Hilgenreiner’s line and the line along the mid femoral shaft. The coronal acetabular angle
(CorAcet) is measured on the coronal image on which the acetabular roof is steepest. This

205



Children 2022, 9, 1010

image must also contain a substantial portion of the femoral head. CorAcet is defined as the
angle between Hilgenreiner’s line and a line to the superior bony edge of the acetabulum.
For the Pelvic width (PelvWid), we used the image showing the widest distance between
medial ischial walls at the pelvic inlet. The width is a measure of the inner distance between
the inner edge of left and right cortex. Similarly Jaremko et al., we used the axial image on
which the acetabulum appears deepest to measure the anterior and posterior bony axial
acetabular angles (AxAcet and AxPAcet). This image also contained a substantial part of
the femoral head. The AxAcet is the angle between Hilgenreiner’s line and a line joining
the anterior edge of the bony acetabulum to the lateral edge of the triradiate cartilage. The
AxPAcet is measured similarly at the posterior joint line [26].
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The centre edge angle as described by Wiberg (CE-angle) and the Acetabular Index 
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Figure 4. Overview of the measurement technic in the MRI described by Jaremko and performed
in TraumaCad. (A) AxAcet/AxPAcet: Select the axial image for which the acetabular cup appears
deepest. The bony anterior acetabulum index (red) is the angle is made between Hilgenreiner’s
line (green) and a line joining the anterior edge of the bony acetabulum to the lateral edge of
the triradiate cartilage. The bony posterior acetabular index (yellow) is measured similarly at the
posterior joint line. (B) CorAcet: Select Slice were the acetabular roof is steepest. Angle (yellow)
between Hilgenreiner‘s line (green) and a line joining the superior edge of the bony acetabulum to
the lateral edge of the triradiate cartilage. (C) PelvWid: widest distance between medial ischial walls
at the pelvic inlet, below the hip joints (D) Abduc: On the slice showing the largest diameter of the
most normally positioned femoral bead, draw Hilgenrainer’s line (green) between anterior lateral
edges of triradiate cartilage in the same fashion as on the coronal images. Abduc angle (orange) is
the angle between the line along the mid femoral shaft and a perpendicular to Hilgenreiner’s line.
(AxAcet AxPAcet = anterior/posterior bony axial acetabular angles, CorAcet = coronal acetabular
angle, PelvWid = Pelvic width, Abduc = hip abduction angle) [26].
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After ending spica casting, further follow-up was performed using X-ray. Children
with DDH should be followed-up radiologically until growth completion, due to late
recurrence. If no signs of DDH are present during follow-up, further follow-up at walking
age, after 8–10 years and after the end of growth is recommended [35]. In our cases, severe
DDH was present, so spica cast therapy was necessary and therefore the control intervals
were reduced to walking age, again after 3 and 5 years, and after 10 years. Due to the study
period and follow-up time frame, no patient has reached skeletal maturity at this point.

The centre edge angle as described by Wiberg (CE-angle) and the Acetabular Index
(AI) were measured and we evaluated for further pathology, such as signs of beginning
avascular femoral head necrosis. Although the CE-angle is not validated for children
under 4 years age, it was used for comparison with other authors. Of particular interest
was the further development of the hips and the femoral head coverage after successful
post-maturation: Do the children develop a recurrence of hip dysplasia or do they remain
mature without signs of bony DDH? This was evaluated and staged using the AC and CE
angle relative to the patient age according to Tönnis [33].

All MRI and radiographic measurements were performed with TraumaCad Version 2.5
(Brainlab Ltd., Petah Tikva, Israel).

2.4. Statistical Analysis

All of the statistical analyses were conducted using SPSS (version 28; SPSS; Chicago,
IL, USA). Descriptive statistics, including arithmetic mean value and standard deviation,
were calculated. Data is given as mean ± standard deviation (SD) and ranges, if not
indicated otherwise.

T-Tests and Pearson’s chi-squared-tests were used for group statistics. Prognostic
factors were calculated with linear regression tests. Differences were considered significant
if the p-value was <0.05.

3. Results

The mean duration of treatment was 11.3 weeks (S = 4.9). The treatment involved
a mean of 6.0 weeks (3–9 weeks) cast and 5.3 weeks with Tübinger splint. There was
no significant difference between male and female patients. After removing the cast,
70.8% (68/96) needed additional therapy with Tübinger splint depending on sonographic
measurements. The others already reached an alpha angle of >64◦ after cast therapy and
did not need any additional splint. These patients were primarily unilaterally affected
infants. For initial Graf type see Table 2.

Table 2. In the ultrasound evaluation after spica cast therapy, 28 hips already showed an alpha angle
of at least 64◦ and therefore did not require any further therapy. The following table shows the
distribution of the initial Graf types of these patients.

Initial Graf Type 28 Hips Reached Alpha Angle of 64◦ or More after
Spica Casting

1 10/28
2a 3/28
2c 4/28
3a 5/28
D 4/28

Unknown (no initial ultrasound) 2/28

There was a positive correlation between having had an overhead extension and the
need of a Tübinger splint after spica cast (p = 0.014).

One patient (both hips) needed surgical treatment during the follow-up period. A
total of 3 patients (3 hips) still have a residual dysplasia and may require additional surgery
at a later date, such as acetabuloplasty and derotation-varisation-osteotomy (DVO). The
following measured parameters were not associated with surgery (either performed or
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recommended): gender, age at time of starting therapy, Graf Type, alpha-angle at the end
of therapy or MRI measurements.

3.1. Sonographic Evaluation

The sonographic alpha- and beta-angle measured at the beginning and end of therapy
separated by sex are summarized in Table 3. The difference of both angles (alpha and beta)
was highly significant with p < 0.001. No significant correlation was noted between the
first alpha-angle and the first radiologic measurements (CE-angle, AI, ACM, HAS). The
initial Graf Type had no influence on the duration of the therapy in total, nor on further
surgical treatment. However, the duration of spica cast therapy positively influences the
alpha angle at the end of therapy (p = 0.003, beta = 0.869). No other measured parameter
was shown to have a significant positive correlation. An alpha angle of 64◦ or more was
rated as excellent, 60–63.9 as good, and below as poor.

Table 3. Shows ultrasound parameters at the beginning and end of therapy in total and separated by
sex and age in weeks at time of beginning therapy. Alpha = alpha angle defined by Graf. Beta = beta
angle defined by Graf.

Mean Start
Cast

Standard
Deviation

Mean End
Therapy

Standard
Deviation

alpha
In total 52.2 9.8 65.6 3.3
female 52.2 9.6 65.7 3.4
male 51.8 11.4 64.5 1.8

beta
In total 74.2 9.3 63.9 6.8
female 74.0 9.9 64.0 7.0
male 75.1 7.9 63.7 5.8

No significant difference in alpha-angle or Graf Type was noted between the male and
female patients. There was a difference in age at time of starting the therapy between both
sexes (p = 0.003). Girls were treated on average 3 weeks later than boys. No significant
differences were found in duration of the therapy (p = 0.646) or the alpha angle at the end
of therapy.

A total of 3 hips in 2 patients (2/48, 4.1%) did not reach an alpha angle of 60◦ at the
end of therapy. One was getting too old to continue immobilisation with regard to the
motor development. The parents of the other patient declined further treatment with a
spica cast or Tübinger splint to finish treatment.

3.2. Magnetic Resonance Imaging Measurements

Table 4 gives a summary of the measurements shown in the MRI. 31/48 (64.6%)
patients had a second MRI, which was carried out after receiving the second spica cast. All
of the MRI scans showed a concentric reduction of the femoral head within the acetabulum.

Table 4. Summary of the magnetic resonance imaging (MRI) measurements in the first and last MRI.
Abd = hip abduction angle. AxAcet = axial anterior acetabular angle. AxPAcet = axial posterior
acetabular angle. CorAcet = coronal acetabular angle. PelvWid = pelvic width.

Mean First MRI Standard
Deviation

Mean Second
MRI

Standard
Deviation

Abd 53.5 (39.3–66.2) 5.2 53.4 (29.0–62.1) 6.7
AxAcet 49.6 (32.8–68.2) 7.1 50.0 (32.8–62.4) 6.6

AxPAcet 46.8 (36.1–63.5) 6.0 46.8 (4.6–69.1) 9.3
CorAcet 25.6 (11.8–44.9) 6.6 24.2 (11.7–47.6) 7.8
PelvWid 35.8 (28.7–51.0) 5.0 38.2 (32.0–52.0) 5.1

There was no significant difference of the measured angles depending on sex. There
was a positive correlation between pelvic width and age at time of first spica cast (p < 0.001).
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All of the measured parameters had no significant influence on the alpha angle at the
end of therapy (outcome). Two parameters influenced duration of therapy, first AxPAcet
(p = 0.028, beta = −0.218) and the Abduction (p = 0.003, beta = −0.304) in the first MRI.

3.3. Radiographic Evaluation

Two patients had no initial ultrasound examination because of age at time of presen-
tation and an already ossified femoral head (25 and 33 weeks). During further follow-up
after Spica cast and subsequent additional Tübinger splint we performed anterior-posterior
X-rays of the total pelvis after 1.5, 3, 5 and 10 years. Means are shown in Table 5. Moreover,
42/48 patients had at least one follow-up X-ray. Table 5 shows radiographic parameters of
AI and CE angle during follow-up separated by the result of the last sonography. Figure 5
shows development of AI and CE-angle over time of follow-up. Factors influencing the
outcome of congenital hip dysplasia were found at 3-year follow-up, but not at the others,
perhaps due to loss to follow-up after 5 and 10 years. Abduction had a positive effect of the
development of AI measured at 3 years age in our cohort (p = 0.044, beta = −0.609). No
other positive effects were found to be statistically significant.

Table 5. Shows radiographic measurements with mean and standard deviation of X-ray measure-
ments of AI and CE angle after 1.5, 3, 5 and 10 years of follow-up separated by the result of the last
sonography. CE-angle = centre edge angle by Wiberg. AI-angle = acetabular index. n = number.

Years
Excellent (α ≥ 64◦) Good (α < 64◦) Poor (α < 60◦)
n n n

1.5–2
AI

65
28.6 (s = 4.0)

10
29.5 (s = 4.2)

1
26.0

CE 11.3 (s = 8.3) 8.8 (s = 8.8) 18.0

3
AI

46
25.1 (s = 4.8)

9
24.11 (s = 5.6)

1
22.0

CE 16.4 (s = 5.6) 17.8 (s = 5.6) 21.0

5
AI

26
19.2 (s = 4.3)

8
21.5 (s = 5.2)

1
17.0

CE 18.4 (s = 4.0) 18.38 (s = 3.8) 20.0

10
AI

7
16.3 (s = 3.9)

3
15.33 (s = 5.9)

0CE 22.6 (s = 5.4) 24.33 (s = 4.7)
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sonography. CE-angle = centre edge angle by Wiberg. AI-angle = acetabular index. n = number. 

Years  
Excellent (α >= 64°) Good (α < 64°) Poor (α < 60°) 
n  n  n  

1.5–2 
AI 

65 
28.6 (s = 4.0) 

10 
29.5 (s = 4.2) 

1 
26.0 

CE 11.3 (s = 8.3) 8.8 (s = 8.8) 18.0 

3 AI 46 25.1 (s = 4.8) 9 24.11 (s = 5.6) 1 22.0 
CE 16.4 (s = 5.6) 17.8 (s = 5.6) 21.0 

5 AI 26 19.2 (s = 4.3) 8 21.5 (s = 5.2) 1 17.0 
CE 18.4 (s = 4.0) 18.38 (s = 3.8) 20.0 

10 
AI 

7 
16.3 (s = 3.9) 

3 
15.33 (s = 5.9) 

0 
 

CE 22.6 (s = 5.4) 24.33 (s = 4.7)  

 
Figure 5. Shows mean development of acetabular index (light blue) and CE angle (green) during 
follow-up after 1.5, 3, 5 and 10 years. 

  

Figure 5. Shows mean development of acetabular index (light blue) and CE angle (green) during
follow-up after 1.5, 3, 5 and 10 years.
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3.4. Complications

There were no complications such as avascular necrosis of the hip. 11.4% (11/96) hips
had delayed remodelling of the femoral head. All showed a spherical femoral head at the
end of individual follow-up.

4. Discussion

The aim of this study was to explore possible prognostic factors in spica cast MRI to
predict the expected outcome. We included both hips, including ones without signs of
DDH, in order to compare all evaluated hips irrespective of DDH severity in order to detect
possible prognostic factors. Furthermore, spica cast and Tübinger splint treatment always
involves both hips.

Published cohorts have ranged in size from 21–110 patients, allowing for a comparison
with the results in this cohort of 49 patients [15,36–40]. The mean age at time of starting
treatment in this study was 9.9 weeks and therefore far below most reported ages, which
generally started treatment around 6 to 24 months of age or even older [20,36–38]. The
poorer outcome and higher rates of AVN in some studies might be associated with older
age at time of immobilization [39,41–43]. The absence of AVN in our population may also
be due to short cast immobilization period compared to the literature and younger age of
our patients [21,36,44,45].

During the follow-up, there was a reduction in the number of patients after the first
radiological control up to the 10-year control. This was due to several reasons. Firstly, not
all patients were able to complete the possible follow-up period. On the other hand, some
parents refused further radiographs of their children after an unremarkable radiographic
control or forget/neglected to attend the further appointments. Some may also have moved
and/or are performing the checks somewhere else.

We achieved a good outcome compared to the literature, which may be a result of the
younger patient age when initializing treatment. Furthermore, 1 of 49 patients underwent
surgery and 3 of 49 had residual dysplasia requiring treatment during our follow-up
(8.1% in total, 4/49), which is comparable to the literature, reporting unsuccessful closed
reduction in 9–31.16% of cases [11,37,40,46]. The girl who underwent surgery had a normal
history with treatment beginning at 6 weeks of age for an unstable 2c hip on the left side.
After treatment with a spica cast and a Tübingen splint, a Graf type 1 hip was found
on both sides. However, X-ray examinations showed an increasing recurrence on both
sides during the follow-up, so that surgical hip reconstruction with derotation varisation
shortening osteotomy and Dega acetabuloplasty was carried out. Further checks showed no
further recurrence of DDH. The three others with residual dysplasia showed the following
characteristics: One was pretreated externally with an abduction treatment and presented
to our clinic at 22 weeks of age. After initial therapy, the subsequently prescribed abduction
wedge was not tolerated at night. After 3 years, there was a persistent DDH on the left side,
but no further presentation to our outpatient clinic. The second patient showed a right-
sided recurrence of the DDH in the first X-ray control after successful initial treatment from
the 8th week of life. After an abduction wedge was prescribed, she was lost to follow-up.
In case of the last girl, after successful initial conservative therapy, a mild dysplasia was
observed in the 5-year follow-up, which is still being observed.

To our knowledge, we are the first investigate possible prognostic factors on MRI after
spica cast placement to predict the expected outcome. We measured several parameters
which had been shown by Jaremko et al. to be reliable and evaluated several additional
parameters which were considered to be of interest. CorAcet and Abduction had moderate
reliability. AxAcet and AxPAcet were rated as unreliable, but were still considered of
interest for this study. Pelvwidth was the only very reliable parameter Jaremko et al. had
noted. This is more a parameter of age than of DDH, and in this study acted as an additional
indirect test of a correlation between age at therapy initiation and outcome. Jaremko
described other parameters studied as time-consuming or not clinically relevant [26], so
we decided not to measure them. After casting, all hips were centered. Jaremko et al.
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described a large number of subluxated hips on MRI in their study, and half of the patients
received open reduction or pelvic osteotomies before spica casting. In addition, the average
age in their collective was 10 months (0–2 years), well above ours. These are only the
main differences between the two groups of patients and illustrate the limitations of
comparability between Jaremko et al. and our results.

In our patients, none of the MRI parameters showed a prognostic correlation with
the sonographic outcome at the end of therapy. Despite MRI measurements, we also
compared sonographic measurements and staging as well as age, sex, and radiographic
parameters during follow-up. Here, we found that abduction had a positive effect of
the development of AI at 3 years follow-up in our cohort (p = 0.044, beta = −0.609).
This underlines the relevance of deep centering of the femoral head in the acetabulum for
improved development of the hip. Care must be taken to retain the femoral head circulation
by avoiding severe abduction.

An additional outcome influencing factor was the duration of cast therapy. The longer
the cast was applied, the larger the alpha angle (p = 0.003, beta = 0.869).

None of the other measured values were shown to have an influence or predictive
value on the expected outcome. This may be due to the relatively small cohort size and
the small number of treatment failures. A larger cohort size may reveal that some of these
other parameters do have prognostic value.

Limitations: this is a retrospective study without a control group. The relatively
short follow-up of 47.4 months on average may have been too short to recognize further
prognostic parameters.

5. Conclusions

In our cohort, we found the abduction angle to be the only influencing factor for
improved development of the DDH. No other prognostic factors in MRI measurements,
such as gender, age at time of the first spica cast, or treatment involving overhead extension
were found to be predictive of mid-term outcome. Mild residual dysplasia in the first
follow-up X-ray warrants further observation.
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Abstract: Background and Objectives: Reconstruction of the pelvic joint is a common way to address
developmental dysplasia of the hip (DDH), as well as neurogenic dislocation of the hip (NDH)
and Legg–Calvé–Perthes disease (LCPD) in children. The purpose of this study was to analyze the
short-term radiologic outcome after hip reconstructive surgery either treated with sole osteotomy
of the femur or in combination with iliac osteotomy in patients with DDH, NDH and LCPD. Ma-
terials and Methods: X-rays of 73 children, aged 2–18 years, with DDH, NDH and LCPD after hip
reconstructive surgery were measured retrospectively and compared to the preoperative x-rays con-
cerning various parameters to define hip geometry. The surgical procedures were femoral osteotomy
(74), Salter innominate osteotomy (27), Pemberton osteotomy (27), open reduction (37), Chiari os-
teotomy (4). The pre-/postoperative acetabular index (AI), center-edge angle (CE) and Reimers
migration index (RMI) were evaluated before and 3 months after surgery. Results: Hip geometry
parameters improved significantly (RMI: preop/postop: 62.23% ± 31.63%/6.30% ± 11.51%, p < 0.001;
CE: 11.53◦ ± 20.16◦/30.58 ± 8.81◦, p < 0.001; AI: 28.67◦ ± 9.2◦/19.17 ± 7.65◦, p < 0.001). Sub-group
analysis showed a superior RMI in DDH compared with NDH 3 months after surgery (DDH/NDH:
2.77% ± 6.9%/12.94% ± 13.5%; p = 0.011). Osteotomy of the iliac bone (Salter innominate, Pemberton,
Chiari) resulted in a significant improvement of the postoperative RMI compared to cases without
osteotomy of the ilium (7.02 ± 11.1% vs. 16.85 ± 4.71%; p = 0.035). Conclusions: Femoral and pelvic
osteotomies are effective to improve the radiological pelvic parameters in infants and adolescents
with DDH, NDH and LCPD. In addition, the study found that the combination of femoral and pelvic
osteotomy led to a better RMI than femoral osteotomy alone. Using the combined ilium and femoral
osteotomy, it was possible to show the highest effect on correction of the hip geometry with respect
to residual RMI.

Keywords: developmental dysplasia of the hip; neurogenic dislocation of the hip; Legg–Calvé–
Perthes disease; combined osteotomy; femur; ilium; varisation derotation osteotomy; Salter;
Pemberton; Chiari; open reduction

1. Introduction

In infants and adolescents suffering from developmental dysplasia of the hip (DDH)
and neurogenic dislocation of the hip (NDH), surgical treatment is often needed to avoid
persistent problems in walking, standing and sitting [1]. Surgical hip joint reconstruction
may be needed in children and adolescents with developmental dysplasia of the hip as
soon as conservative treatment has failed and residual dysplasia is diagnosed to avoid
persistent dysplastic morphology increase the risk of degenerative change [2].
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In addition to DDH and NDH, in children with Perthes disease (LCPD) surgical
reconstruction of the hip may be necessary to improve the containment. Especially if
so-called ‘head at risk’ signs are present, literature postulates the concept of “super contain-
ment” [3–5].

Severe forms of DDH are often related to neuromuscular disorders [6]. In cerebral palsy
(CP), different authors could show an incidence of NDH in up to 60% of their patients [7].
Therefore, hip reconstruction is even indicated in cases showing a progressive migration to
avoid further dislocation and secondary complications of the hip [8–10].

Especially in adolescents and patients able to walk, therapy is often much more
difficult than in smaller children because of shortening of extraarticular soft tissue [11].
Spasticity in neuromuscular disorders correlates with deformation and subluxation of
the femur and shortening of the adductor muscle [12]. In most cases, a combination of
procedures involving the bone and the soft tissue is needed to achieve complete reduction
of the joint [13,14]. Common techniques are open reduction, lengthening of tendons or
muscles as well as femoral and pelvic osteotomies [15].

Some surgeons prefer a two-stage approach to the reconstruction of the pelvic geome-
try and suggest performing surgical reduction and VDRO (varisation derotation osteotomy)
first, in combination with an additional osteotomy of the ilium in a subsequent surgical
procedure [16]. As long as there are not enough data to show superiority of the com-
bined osseous procedure in patients with misalignment of the pelvic joint, the way of
decision-making may still be unclear.

Available literature should have made clear, that a combination of femoral and iliac
osteotomy is the proper choice in cases with femoral and iliac deformities. As the discussion
is ongoing, whether to perform single or combined osteotomies as well as to perform those
osteotomies stepwise and not within a single surgical procedure, the study group wanted
to evaluate whether cases treated with combined one step osteotomy show different short
term postoperative radiological outcome compared to cases treated with femoral osteotomy
alone. The purpose of this study was to highlight the radiologic outcome after pelvic
reconstruction either treated with osteotomy of the femur alone or in combination with
iliac osteotomy in patients with DDH, NDH and LCPD.

2. Materials and Methods

In a retrospective study, patient files of children (aged 2–18 years) with DDH, NDH
and LCPD were searched for hip or pelvic surgeries (open reduction, femoral/pelvic
osteotomy ± soft tissue techniques) from 2008 to 2018 at a Central European University
Hospital. Ethical approval was obtained from the IRB.

Patients without postoperative spica cast immobilization (3) were ruled out from
analysis to reach homogeneity in aftertreatment. 10 patients were lost to follow-up. Finally,
73 patients (male/female: 38/35; 84 hips), aged 7.95 ± 5.18 years, were included. The
group was treated by a single experienced pediatric orthopedic surgeon.

Indication for surgery can be seen in Table 1, demographic details and surgical proce-
dures can be seen in Table 2. Included indications for surgery were RMI [17,18] 40 percent
or higher or 25–40 percent with progression, classification of Tönnis [19] II or above or
AI above the standard of Tönnis (greater than 25 degrees at the age of 2, >23◦ at 3, >20◦

at 7) [20]. Tönnis classification II or above for the AI-angle was an indication for surgery in
respect of the lateralization of the ossific nucleus and a disruption of the Ménard–Shenton
line. Surgery was not performed before the third year of age due to not having enough
bone stock for extensive pelvic reconstruction.

The surgeries were carried out under general anesthesia on a radiolucent table using
fluoroscopy. The patient was bedded in supine position with slight elevation of surgical
site on by placing a foam padding beneath the iliac bone. The entire lower limb and the
affected half of the pelvis were washed and draped. Surgical techniques used were open
reduction, Chiari iliac osteotomy (4 hips) [21], Salter innominate osteotomy (21 hips) [22]
and Pemberton acetabuloplasty (30 hips) [23], VDRO (84 hips) (Table 1) [24]. The surgical
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approach for open reduction and osteotomy of the ilium was direct anterior as described
by Smith-Petersen [25]. A direct lateral approach was used to address the proximal femur
for varisation-osteotomy. Beginning with open reduction and VDRO, additional osteotomy
of the iliac bone was performed in cases with AI above the Tönnis-standard (Tönnis
classification II or higher) and insufficient roofing of the femoral head after VDRO.

Table 1. Joints and surgical procedures [26].

DDH NDH Perthes

N (hips) 31 25 28

age at surgery 5.8 years; 2.9–17; SD 5.7 12.5 years; 5.6–17.8; SD 6.2 7.6 years; 5.2–10.7; SD 1.7

m:f 5:21 11:11 22:3

right:left 10:11 12:7 9:13

bilateral 5 3 3

Surgical procedure in detail

Femoral osteotomy 31 25 28

Osteotomy of ilium 27 17 12

Salter osteotomy 7 2 12

Chiari osteotomy 2 2

Pemberton osteotomy 18 12

Psoas tenotomy 9 1

Adductor tenotomy 8

Open reduction 16 12

Hamstring lengthening 7

Lengthening of extension mechanism 1

Table 2. Patient groups and surgical procedures in detail [27].

Sole Osteotomy (Femur) Combined Osteotomy (Ilium and Femur)

N (patients) 29 44

N (hips) 29 55

Bilateral 0 11

Gender m:f 9:20 28:16

Age at surgery 10.7 years; 5.0–17.8 y; SD 6.4 7.8 years; 2.9–15.1 years; SD 5.3

Location 10 right, 19 left 21 right, 12 left, 11 bilateral

Procedures (n = hips)

Femoral osteotomy 29 55

Osteotomy of ilium 0 55

Salter osteotomy 0 21

Chiari osteotomy 0 4

Pemberton osteotomy 0 30

Psoas tenotomy 6 4

Adductor tenotomy 5 3

Open reduction 1 27
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Table 2. Cont.

Sole Osteotomy (Femur) Combined Osteotomy (Ilium and Femur)

Hamstring lengthening 0 7

Lengthening of extension mechanism 0 1

The Salter innominate osteotomy was performed until the age of 8, as long as a good
flexibility of the symphysis can be assumed. The procedure was not performed bilaterally
in one surgical session.

The Pemberton acetabuloplasty was performed in cases with improper rounding of the
acetabulum. Furthermore, the triradiate cartilage had to be clearly visible, which limited
the procedure up to the age of 8. The procedure was performed bilaterally, if needed.

The Chiari osteotomy was considered to be a salvage procedure in cases with a lack of
congruency of the pelvic joint (aspheric, big femoral head and small acetabulum) and pro-
gresses skeletal maturity. The procedure was not performed bilateral in one surgical session.

In a total of 55 cases, a combination of the techniques above was performed. Salter and
Chiari osteotomies were fixed with three K-wires, Pemberton osteotomies were operated
without osteosynthesis.

Osteosynthesis material used to hold the femoral osteotomy was a standard 90◦ AO
blade plate (58 hips) or a 90◦ locking cannulated blade plate (15 hips).

Casting was performed directly postoperative under general anesthesia. Ten degrees
of flexion, 10 degrees of inwards rotation and 20 to 30 degrees of abduction of the hip were
tried to maintain within the cast. According to the routine protocol, immobilization was
maintained for six consecutive weeks, followed by physiotherapy until full mobilization.

Complications occurring within the first three months after surgery were analyzed un-
der usage of the full medical documentation and classified according to Clavien-Dindo [28].
Necessary unplanned procedures and admissions were collected and sub-group analysis
concerning adverse events was carried out.

2.1. Radiological Analysis

The pre- and 3-months postoperative pelvic geometry data were analyzed twice each
by author LP and compared statistically. An interval of at least 24 h between the two mea-
surements was chosen. Intra-observer variation for the measurements was calculated using
the mean difference, with the 95%-confidence intervals given. Intra-observer reliability
rates were calculated using the statistical software Jamovi 1.0. Radiographic investigation
consisted of a pelvis AP view in standing position and a lateral view pre- and 3 months
postoperatively. AI [29], CE [29] and RMI [29,30] were measured.

2.2. Statistical Analysis

Statistical methods included detailed analysis of the epidemiological data with pa-
rameters for arithmetic mean, standard-deviation, median at continuous data and relative
frequency for explained variables. The variables of interest for pre- and postoperative
pelvic geometry were calculated using Student’s t-tests. Sub-group analysis was conducted
for AI, CE and RMI pre- and 3 months after surgery. The statistical software Jamovi 1.0
was used.

3. Results

Following surgery, data for pelvic geometry improved in all analyzed groups (DDH,
NDH, LCPD), and it was statistically significant (Table 3). The intra-observer reliability
rates reached a mean of 0.953 (95%-CI 0.942–0.964).
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Table 3. Pelvic geometry [27].

DDH NDH LCPD Overall

AI pre 33.90 ± 7.30 29.61 ± 6.10 19.00 ± 5.30 28.67 ± 9.20

post 19.43 ± 7.20 18.56 ± 8.60 16.71 ± 5.92 19.17 ± 7.65

diff 14.47 (95%-CI 11.82–17.86) 11.05 (95%-CI 7.00–15.16) 2.29 (95%-CI 0.39–4.00) 9.5 (95%-CI 7.60–11.65)

p-value p < 0.001 p < 0.001 p = 0.019 p < 0.001

CE pre 11.73 ± 10.40 14.30 ± 16.60 25.70 ± 6.10 11.53 ± 20.16

post 31.70 ± 7.20 27.50 ± 12.0 32.90 ± 6.60 30.58 ± 8.81

diff 19.97 (95%-CI 16.33–36.01) 13.2 (95%-CI 23.72–46.53) 7.2 (95%-CI 4.33–10.07) 19.05 (95%-CI 14.43–24.43)

p-value p < 0.001 p < 0.001 p < 0.001 p < 0.001

RMI pre 80.28 ± 27.94 78.00 ± 21.4 27.38 ± 8.38 62.23 ± 31.63

post 2.77 ± 6.90 12.94 ± 13.5 1.75 ± 4.14 6.30 ± 11.51

diff 77.51 (95%-CI 65.8–89.43) 65.06 (95%-CI 48.68–73.08) 25.63 (95%-CI 22.36–29.24) 55.93 (95%-CI 48.01–62.85)

p-value p < 0.001 p < 0.001 p < 0.001 p < 0.001

AI—acetabular index, CE—center edge angle, RMI—Reimers migration index, DDH—developmental dysplasia
of the hip, NDH—neurogenic dislocation of the hip, LCPD—Legg-Calvé-Perthes disease, pre—mean preoperative
value, post—mean postoperative value, diff—mean difference.

In total, 28 hips showed a dislocation (RMI > 100%) before surgery. After open
reduction and acetabular osteotomy, those cases presented a significant decrease of AI from
33.71◦ ± 7.76◦ to 19.71◦ ± 8.16◦ (p < 0.001).

Three months after surgery, children with DDH showed significant decreased RMI
compared with children with NDH in a two-sample Student’s t-test (2.77 ± 6.90% vs.
12.94 ± 13.50%; p = 0.011). More often an osteotomy of the iliac bone (Salter innominate,
Pemberton, Chiari) was carried out in patients with DDH than with NDH (27 vs. 17;
p < 0.001). In cases with combined one step iliac and femoral osteotomy, the residual RMI
was significantly lower than in cases with osteotomy of the femur alone (7.02 ± 11.1% vs.
16.85 ± 4.71%; p < 0.001) (Table 4, Figures 1 and 2).
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Table 4. Improvement of RMI with and without osteotomy of the ilium.

Sole Femoral Osteotomy (N = 29) Combined Iliac and Femoral Osteotomy (N = 55)

RMI pre 35.40 ± 14.60 72.00 ± 30.6

post 16.85 ± 4.71 7.02 ± 11.10

diff 18.55 (95%-CI 14.05–23.93) 64.98 (95%-CI 57.95–77.3)

p-value p < 0.001 p < 0.001

diff 9.83 (95%-CI 6.59–15.32)

p-value p < 0.001

In 30.01% of the patients (22), adverse events were found. Seven superficial skin
lesions were counted, three extensive skin lesions, three spasticity of adductors, two sub-
luxations, two dislocations of the cast, one deep infection of the osteosynthesis material,
one compliance problem, one reluxation, one delayed bone healing and one spasticity of
knee flexors. Classifying the adverse evenly according to Clavien-Dindo, 10 type I, 4 type II,
8 type III, 0 type IV and 0 type V events were seen. Short-term complications were observed
nearly equally in the group of NDH (8/23; 34.7%) and in DDH (8/22; 36.4%). Further
treatment of the complications included five procedures with three open re-repositions
and re-casting as a result of re-dislocation within 12 weeks postoperatively observed on
the follow-up x-rays after initial mobilization, one exchange of the osteosynthesis material
due to a fracture of the blade plate, one removal of the plate due to deep wound infection
involving the osteosynthesis material; three inpatient treatments for pain management and
wound care and one admission for high energy shockwave treatment to address the pro-
longed healing of the bone were necessary. Four children needed intense wound treatment
in the outpatient clinic on a regular basis. In no cases did very severe complications with
persistent physical damage or even death occurred.

4. Discussion

Techniques in joint-preserving surgery in children and adolescents are demanding
for the pediatric orthopedic surgeon. After walking age, treatment of DDH and NDH is
difficult due to adaptive shortening of the extra-articular soft tissues, acetabular dysplasia,
capsular constriction and increased femoral anteversion. In the literature several methods
for reconstruction of the hip are available. In most of the children femoral and pelvic
osteotomies are necessary to achieve concentric reduction. In cases of LCPD, the idea of
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‘super-containment’ is well accepted to provide proper roofing for the rebuilding femoral
head [3–5]. Realignment of the pelvic joint under usage of pericapsular osseous techniques
in combination with or without femoral osteotomy and soft tissue procedures is a common
way to treat DDH, NDH and LCPD in children.

The purpose of this study was to evaluate the short-term results of hip reconstructive
surgery in young patients with DDH, NDH and LCPD either with ilium osteotomy alone
or in combination with femoral osteotomy.

In this study-group the surgical results for reconstruction of the pelvic joint, using
the Pemberton-acetabuloplasty, pericapsular osteotomy as described by Salter, Chiari
osteotomy and varisation derotation osteotomy of the proximal femur are similar to the
prior published data. In total, 84 hips were included in this trial; indications for surgical
procedures were DDH, NDH and LCPD. For all three groups, it was possible to present a
statistically significant enhancement in pelvic geometry following hip surgery. Therefore,
our data suggest that these procedures are suitable to reestablish congruency of the hip in
children and adolescents, despite the authors being aware of a progressive deterioration of
RMI in cases of pelvic reconstruction at midterm follow-up [27].

The authors noticed that in this cohort, patients with NDH have a lower benefit from
surgery in contrast to patients with DDH for the endpoint RMI (12.94% vs. 2.77%; p = 0.011).
The results for RMI are congruent to previously reported data in children with NDH [14].
Further analysis revealed, that in cases with iliac osteotomy (Salter innominate, Pemberton,
Chiari), the residual RMI was notable lower than in cases without (7.02% vs. 16.85%;
p < 0.001). Iliac osteotomy was performed in 27 out of 31 patients with DDH, which is
a notable contrast to the patients with NDH (17 out of 25). In the authors’ opinion, the
osteotomy of the ilium leads to a significant improvement of RMI and should be performed
to achieve congruency of the hip. As to our knowledge this is the first report to present
advantages of the combined osteotomy for the endpoint RMI 3 months postoperatively.
Clearly, a longer follow-up period is urgently needed to show the sustainability of this
effect and will be published by the investigators.

Park et al. performed a similar retrospective trial, in order to find criteria for the
one-stage femoral and ilium osteotomy [31]. As major risk factors for surgical failure, the
authors revealed a preoperative RMI of 61.8% and above or 5.1% postoperatively. As the
discussion is ongoing, in terms of what criterion to choose for concomitant osteotomy
of the ilium, the RMI may be one possible option as well as the intraoperative stability
of the reduced hip. In the authors’ opinion, the criteria of Park et al. involves a well
thought-out approach to the discussion whether to perform a sole femoral osteotomy or a
combined procedure.

Most notably, and supporting the ongoing dispute of surgical algorithm, Huh et al.
pleaded for a stepwise approach to surgical management of decentration of the pelvic
joint. At first, a combination of a proximal femoral osteotomy with open reduction and
soft tissue techniques should be performed, followed by an osteotomy of the iliac bone
in a second surgery, if needed [16]. In the authors’ opinion, one reason for thoughts such
as this may be the good results of pelvic reconstruction under usage of sole osteotomies,
whether femoral or iliac, as published by Czubak et al. 2018 [11], El-Sayed et al. 2015 [32]
and Al-Ghamdi et al. did in 2012 [33]. It must be kept in mind, that especially in NDH,
a deterioration of RMI is known and therefore the direct postoperative result in those
cases should be as stable as possible and a combination of surgical techniques may be
needed [14].

In this study, a rate of 30% for adverse events was calculated. Most of those events
were easy to handle, which is on one hand comparable to previously published data, but
way too high in the authors’ opinion [34]. It was expected to see more complications related
to the postoperative immobilization such as contractures and superficial skin problems in
the NDH group because of the higher muscle tone and the inability to express discomfort
underneath the casting. Adverse events were more common in patients with NDH, despite
the results not reaching statistical significance.
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The heterogeneity of the investigated group as well as the small number of patients
are the major limitations of the present study. The surgical techniques are not high-volume
procedures, but necessary in a small patient group with demanding diseases.

The major drawback for statistical analysis, the heterogeneity, was accepted because
the main result of the study, the improvement of RMI in combined femoral/iliac and sole
femoral osteotomy, is not considered to be highly influenced by the underlying illness of
the child at the 3-months postoperative follow-up. Clearly, the entity of the disease will
make a difference in mid- to long-term follow-up trials. This must be considered when
results for longer follow-up periods are given. Additionally, the authors are aware that the
mid- to long-term complications may vary in those groups. Therefore, the authors cannot
give recommendations for certain surgical procedures concerning long-term postoperative
results. To minimize the chance for misinterpretation, all three sub-groups were analyzed
separately concerning epidemiological data as well as the postoperative results to give
the reader insights in preoperative clinical presentation and group-specific postoperative
results. As prospective randomized clinical trials dealing with the described group of
patients cannot be easily performed in the daily clinical practice, the authors must accept
certain drawbacks in study design.

Furthermore, a limiting factor is the short postoperative follow-up period. The authors
decided to evaluate the 3-month follow-up X-rays to achieve comparable short-term results
for all evaluated patient groups (DDH, NDH, LCPD). Annual checks for deterioration
of pelvic geometry are needed in NDH, as available reports show re-operation rates of
40% [35].

It is necessary to provide mid- and long-term results after hip reconstructive surgery
to show long-lasting positive effects on hip geometry and patient outcome. The next step of
the study group is to present mid- to long-term results on this topic and we hope to achieve
sustainable results with our approach on hip deformities in children.

5. Conclusions

This study summarizes that all described reconstructive methods are feasible to en-
hance pelvic geometry in children with DDH, NDH and LCPD. In cases with iliac osteotomy,
the residual RMI was significantly lower than in cases without.

The combined osteotomy of the ilium and femur led to a significant improvement
of RMI compared to femoral osteotomy alone and should be undoubtedly performed in
demanding cases. Common complications such as re-dislocation, wound-problems and
delayed osseous healing were seen and led to demanding revision-surgery in five cases.
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Abstract: (1) Background: In adolescents, fractures of the femoral shaft that are not suitable for elastic-
stable-intramedullary-nailing (ESIN), are challenging. We aimed to evaluate the health-related quality
of life (HRQoL) and complications in adolescents treated with intramedullary rodding using the
adolescent lateral trochanteric entry femoral nail (ALFN), and to assess if HRQoL was associated with
additional injuries. (2) Methods: We followed-up on 15 adolescents with a diaphyseal femoral fracture
who were treated with an ALFN from 2004 to 2017. Patients were asked to fill in a questionnaire
that includes the iHOT, Peds-QL, and the Pedi-IKDC. (3) Results: The ALFN was used as a primary
method of fixation in 13 patients, and as a fixation for failed ESIN in two cases. All 15 fractures
healed radiographically. One distal locking screw broke. After a mean follow-up of 2.8 years, the
mean iHOT-12 was 14.0 (SD 15.4), PedsQL-function was 85.7 (SD 19.3), PedsQL-social-score was
86.2 (SD 12.5), and the mean Pedi-IKDC was 77.2 (SD 11.3). In patients where the femoral fracture
was an isolated injury, the HRQoL-scores were consistently higher compared with patients who
sustained additional injures. (4) Conclusions: Treating diaphyseal fractures in adolescents with an
ALFN resulted in good radiographic outcomes in all our cases. HRQoL, as measured by the iHOT,
PedsQL, and Pedi-IKDC, was good to excellent; but it was consistently inferior in patients with
additional injuries. These results suggest that the ALFN is a good alternative when patients are not
suitable for ESIN, and that the HRQoL of adolescents who were treated with an ALFN is mainly
influenced by the presence of additional injures, and less by the fracture of the femur itself.

Keywords: fracture; femur; surgery; nail; intramedullary; health-related quality of life

1. Introduction

Since fractures of the femoral shaft are not too common among children (e.g., 0.89% [1]),
many paediatricians and orthopaedic surgeons may have only limited experience in treating
these injuries. Nonetheless, given the need for emergency surgery in children 3 years of age
and older, every orthopaedic surgeon may be confronted with the need to perform surgery
in these children.

The preferred treatment strategy for paediatric femoral fractures is age dependent,
ranging from bandage immobilization in new-borns to overhead extension or hip spica
cast in children up to about 3 years of age. For older children up to the teenage years,
elastic intramedullary nailing (ESIN) is the standard treatment. However, in adolescents
the management of diaphyseal femoral fractures is highly debated. Treatment options in
that age group include ESIN, external fixation [2], a combination of these two methods,
submuscular plating [3], or rigid intramedullary rodding.

Several studies have demonstrated that, due to its flexible nature, elastic intramedullary
nailing has an increased risk of complications in heavier or older children. Commonly,
a body weight of 50 kg [4,5] or 55 kg [6] is considered as a threshold in that respect. On
the other hand, plate fixation involves incisions that might be regarded as unattractive,
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and plate fixation has been associated with valgus deformity, especially if the plate is not
removed [3].

Intramedullary rodding through the piriform fossa, a standard approach known to
every orthopaedic surgeon, has been associated with reports of avascular necrosis of the
femoral head [7–9] which ultimately may lead to total hip arthroplasty. For this reason, this
technique has not been recommended in adolescents.

With advanced knowledge of the blood supply of the femoral head, entry points
lateral to the tip of the greater trochanter have been evaluated. These entry points have
been reported not to be associated with avascular necrosis. Given these promising re-
ports, Gordon et al. used a rigid intramedullary nail that was designed for fractures of
the humerus, and used this humeral nail for the treatment of femoral shaft fractures in
15 children and adolescents [10]. He reported that this technique was “safe, effective and
well-tolerated” [10]. Keeler et al. used a rigid interlocking paediatric femoral nail that was
based on the design of the modified humeral interlocking nail and which was introduced
through the lateral aspect of the greater trochanter. These authors followed 24 fractures
and looked at radiographic outcomes. They did not report any avascular necrosis of the
femoral head as well [11].

Both these devices were not specifically designed for the treatment of adolescent
femoral fractures. Led by the experience gained in adults with helically shaped in-
tramedullary nails, a titanium cannulated adolescent lateral entry femoral nail (ALFN) was
developed. Reynolds et al. used this device in 15 patients and reported both a shorter
recovery time for patients treated with ALFN in comparison to elastic nailing and a low
rate of complications, without major complications [12].

Although these results are promising, rigid nailing with a specially designed pae-
diatric lateral trochanteric entry femoral nail does not appear to be generally accepted
for this patient population currently. For example, in the most current guideline of the
American Academy of Orthopaedic Surgeons (AAOS) as of December 2020 it was writ-
ten: “There is currently insufficient literature in specially designed paediatric rigid in-
tramedullary nails . . . for inclusion in the current guideline . . . Limited evidence supports
rigid trochanteric entry nailing, submuscular plating, and flexible intramedullary nailing as
treatment options for children age eleven years to skeletal maturity diagnosed with diaphy-
seal femur fractures, but piriformis or near piriformis entry rigid nailing are not treatment
options” [13]. In a recent retrospective multicentre study of 16 centres in Germany, in which
53 children with femoral fractures were analysed, only three patients were treated with a
lateral trochanteric entry femoral nail [14]. The majority of the other patients were treated
with ESIN, of whom eight were revised. Other reported treatments in that report were
primary of secondary plates (nine cases), intramedullary nails of adult traumatology, or
external fixators [14].

As an additional aspect, none of the studies mentioned above assessed the health-
related quality of life (HRQoL) in these patients up to this time.

Therefore, we initiated this study to assess the treatment results of patients that were
treated with an ALFN in terms of HRQoL, radiographic healing, and complications. In
addition, we aimed to evaluate if HRQoL was associated with additional injuries.

2. Materials and Methods

This is a retrospective analysis of clinical and radiographic results, in which patients,
who underwent treatment for a diaphyseal fracture of the femur by an ALFN, were con-
tacted by postal mail.

Several methodological details are identical to sister studies in which the health-related
quality of life (HRQoL) after fractures of the lateral third of the clavicle, proximal humerus
or supracondylar humerus in children and adolescents was assessed [15–17].

All sequential patients up to 16 years of age, who were treated at our institution
with an ALFN for a diaphyseal fracture of the femur during the period January 2004 to
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April 2017 were candidates for inclusion in the study. Our institution is one of the leading
paediatric trauma centres in the Switzerland, serving more than one million inhabitants.

Patients were identified based on the radiological reports within our Picture Archiving
and Communication System (PACS).

For the purpose of this analysis, the inclusion criteria were limited to patients who have
sustained a diaphyseal femur fracture. Exclusion criterion was the inability to complete the
questionnaires because of cognitive or language difficulties (Figure 1). We did not exclude
patients with additional injuries.
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Figure 1. STROBE Participant flow chart.

A radiological analysis was performed to classify the fracture according to the fol-
lowing criteria: AO classification scheme [18], length stability using the Winquist–Hansen
classification system [19], open physis of the greater trochanter, fracture healing, avascular
necrosis of the femoral head, and growth disturbance of the greater trochanter. The physi-
cians performing the image analysis were not aware of the patient’s clinical result, thereby
avoiding observer bias.

Beginning in 2016 we sent information about the study, a consent form, and ques-
tionnaires to the patients by postal mail (Figure 1). Non-responding participants were
reminded three times by mail. Participants still not responding were contacted by phone to
determine the reason for non-responding. At that time, it was attempted to administer the
questionnaire by phone.

As there are currently no outcome instruments described in the literature to specif-
ically assess the HRQoL after fractures of the femur, we used disease specific outcome
measures of the hip and knee instead. For assessing outcomes after injuries around the
hip, we chose the International Hip Outcome Tool 12 (iHot-12) [20], which is available in
a validated translated version in German. That outcome was reported to provide good
validity, reliability, and responsiveness for the evaluation of physically active patients with
a hip disorder [20]. There are several other outcome measures regarding hip diseases
available; however, none of these were validated in the paediatric population [21]. For
assessing the outcome of fractures around the knee, we chose the Pedi-IKDC [22,23], which
was reported to have better psychometric properties than the KOOS-Child [24].

As secondary outcomes, we selected the non-disease specific Paediatric Quality of Life
Inventory (PedsQL) [25] which is available in a validated translated version. Scores were
standardised to 0–100, with higher scores indicating more physical or more social function.
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Data on demographics, dates of the injury, the side (right/left), mechanism of the injury,
and the treatment course were collected from both the radiological analysis and from the
electronic patient chart. In the questionnaire, we included items about concomitant injuries.

Closed reduction and fixation with the ALFN was performed according to the manu-
facturer’s instructions (Synthes, Oberdorf, Switzerland). Special attention was provided
to avoid the piriform fossa as an entry point and to use the lateral aspect of the greater
trochanter as the entry point instead, typically at the same level as projected to the cranial
border of the base of the femoral neck. When selecting the entry point it is important to
consider the diameter of the drill (13.0 mm) that will be used for reaming to avoid injury
to the femoral circumflex vessels. Postoperatively, patients were allowed weight-bearing
as tolerated using crutches. Physiotherapy was used in every patient for instructions on
mobilization and for assuring a good range of motion of the ipsilateral hip and knee.

All patients were invited to a routine consultation visit after 4 weeks. At that time, the
patients typically were able to walk without crutches and demonstrated a good range of
motion of the hip and knee. We usually recommended removal of the implant after 1 year.

After the description of the main outcome measure, we performed a bivariate analysis
in which we analysed the HRQoL and other factors in relation to the presence of additional
injuries. We used the non-parametric Mann–Whitney U Test for comparisons. All p-values
are two-tailed; no corrections were made for multiple comparisons. A statistical analysis
was performed using SPSS (SPSS Inc., Chicago, IL, USA).

3. Results

We were able to follow-up on 15 patients (6 girls, 9 boys) who were treated with an
ALFN at an average age of 14.0 (SD 1.0) years of age. The mean body weight was 55 kg
(SD 7, range from 40 to 68 kg) and the mean body height was 165 cm (SD 8 cm) (Table 1).
The ALFN was used as a primary method of fixation in 13 patients, and as a fixation for
failed ESIN in two cases (Figures 2 and 3). All 15 fractures healed radiographically. Physis
of the greater trochanter were open in eight cases. There were no avascular necrosis of
the femoral head and no growth disturbances of the greater trochanter. Complications
consisted of a broken distal locking screw in one case, of which a fragment remained in
situ during implant removal (Figure 4).

Table 1. Baseline characteristics by additional injury.

Additional Injury

No Additional Injury With Additional Injury Total

n Column
N % Mean SD Min Max n Column

N % Mean SD Min Max n Column
N % Mean SD Min Max

Gender
female 3 33% 3 50% 6 40%
male 6 67% 3 50% 9 60%

Age at the time of injury
[years] 9 13.8 1.0 12.5 15.6 6 14.2 1.0 13.1 15.9 15 14.0 1.0 12.5 15.9

Weight [kg] at time of the
injury 9 52 6 40 60 6 59 6 50 68 15 55 7 40 68

Height [cm] at time of the
injury 9 164 10 153 178 6 166 5 160 171 15 165 8 153 178

BMI [kg/m2] at time of the
injury 9 19.1 2.0 17.1 23.3 6 21.7 2.2 19.5 25.9 15 20.2 2.4 17.1 25.9

Injured side (right vs. left)
right 4 44% 3 50% 7 47%
left 5 56% 2 33% 7 47%
bilateral 1 17% 1 7%

Radiological classification according to the
AO

32-D/4.1 3 33% 1 17% 4 27%
32-D/5.1 5 56% 3 50% 8 53%
32-D/5.2 1 11% 2 33% 3 20%
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Table 1. Cont.

Additional Injury

No Additional Injury With Additional Injury Total

n Column
N % Mean SD Min Max n Column

N % Mean SD Min Max n Column
N % Mean SD Min Max

Winquist and Hansen classification regarding the degree of comminution
0: Transverse or short
oblique fractures with
no comminution

4 44% 1 17% 5 33%

1: Small butterfly
fragment of less than
25% of width of the
bone

3 33% 2 33% 5 33%

2: Butterfly fragment
of 50% or less of the
width of the bone

2 33% 2 13%

3: Large butterfly
fragment greater than
50% of the width of
bone

1 11% 1 7%

4: Segmental
comminution 1 11% 1 17% 2 13%

ALFN as the primary
treatment or as a revision

ALFN used for
revision of otherwise
failed fixation

1 11% 1 17% 2 13%

ALFN used as primary
fixation 8 89% 5 83% 13 87%

Injury mechanism
motor vehicle accident 2 22% 6 100% 8 53%
sports 4 44% 4 27%
fall from tree/play 3 33% 3 20%

Was the skin injured at the time of the injury?
No, skin was intact 9 100% 5 83% 14 93%
Yes, but was just a
scratch
Yes, a suture was
necessary 1 17% 1 7%
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Figure 3. (a) Three days after anterograde ESIN for a femoral fracture. Due to additional injuries an 
anterograde approach was used. For this reason, it was not possible to achieve as much tension at 
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the anterograde ESIN fixation we revised to an ALFN. (c) Now eight months after revision to ALFN, 
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Figure 2. (a) 1 week after ESIN for a femoral fracture. Please note the narrow intramedullary canal,
prohibiting the use of nails with a thicker diameter. Although currently we would advance the
elastic intramedullary nail further, we do not consider this a reason for the subsequent failure of this
fixation. (b) Same patient as in Figure 2a, now 9 months after ESIN. There is failure of the elastic
nail due to non-union, resulting in a malposition. (c) Now 1 week after revision with an ALFN.
Note the correction of the malposition. (d) After removal of the ALFN: radiographic bony union in
correct position.
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Figure 3. (a) Three days after anterograde ESIN for a femoral fracture. Due to additional injuries an
anterograde approach was used. For this reason, it was not possible to achieve as much tension at
the level of the fracture as we would have desired. (b) Same patient as in Figure 3a, six weeks after
the anterograde ESIN fixation we revised to an ALFN. (c) Now eight months after revision to ALFN,
with union in correct position.
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Figure 4. (a) Initial radiograph of a segmental fracture of the femoral shaft without cortical contact.
(b) Same patient as in Figure 4a, four weeks after fixation with an ALFN. The position of the femoral
neck screw was tolerated as it did not disturb the patient clinically. Only one distal locking screw
was used which could have been advanced further. (c) Now after removal of the ALFN. Note the
medial fragment of the distal locking screw, which was tolerated.

After a mean follow-up of 2.8 years (SD 2.6, range 0.3 to 7.2 years), the mean iHOT-12
score was 14.0 (SD 15.4), at a scale of 0–100, with lower values representing better HRQoL.
The mean function score of the PedsQL was 85.7 (SD 19.3), and the mean social score of the
PedsQL was 86.2 (SD 12.5), both at a scale of 0–100, with higher values representing better
HRQoL. The mean Pedi-IKDC was 77.2 (SD 11.3) (Table 2).
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Table 2. Follow-up data by additional injury.

Additional Injury

No Additional Injury With Additional Injury Total

Mean SD Min Max Count Column
N % Mean SD Min Max Count Column

N % Mean SD Min Max Count Column
N %

Follow-up
duration
[years]

2.94 2.91 0.45 7.16 9 2.55 2.29 0.29 5.63 6 2.79 2.6 0.29 7.16 15

iHOT-12
(0–100) 12.9 14.8 9 15.7 17.4 6 14 15.4 15

IKDC 80.2 7.54 9 73.1 14.8 6 77.2 11.3 15
PedsQL
physical
function

91.8 9.02 9 76.6 27.2 6 85.7 19.3 15

PedsQL social
function 90.8 7.72 9 79.2 15.7 6 86.2 12.5 15

Are you satisfied with the thigh that was injured?
Very
satisfied 5 56% 4 67% 9 60%

A little
satisfied 3 33% 2 33% 5 33%

A little
unsatisfied 1 11% 1 7%

Very
unsatisfied

Are you satisfied with the treatment that was
performed?

Very
satisfied 5 71% 3 75% 8 73%

A little
satisfied 2 29% 1 25% 3 27%

A little
unsatisfied
Very
unsatisfied

Now you know the treatment and the results. If you could turn back time, would you choose this treatment again?
Yes,
definitely 5 71% 3 75% 8 73%

Yes,
probably 2 29% 1 25% 3 27%

No,
probably
not
No, not at
all

How would you describe the pain that you typically experience in your thigh?
No pain 2 22% 5 83% 7 47%
Little pain 6 67% 6 40%
Moderate
pain 1 11% 1 17% 2 13%

Strong pain
When does the pain typically
occur?

I do not have any
pain 4 44% 4 67% 8 53%

Only for the first
steps 1 11% 1 17% 2 13%

Only after longer walks
(30 min) 4 44% 1 17% 5 33%

When
walking
Constant
pain

In patients in whom the femoral fracture was an isolated injury, the HRQoL-scores
were consistently higher when compared with patients who sustained additional injures
(Table 2). However, provided the low number of patients, that difference was not statisti-
cally significant.

4. Discussion

The treatment of fractures of the femoral shaft in adolescents can be challenging.
Especially when the intramedullary canal is narrow, it is often not possible to insert elastic
intramedullary nails that are strong enough to withstand the forces that act on the femur in
teenagers weighing 50 kg or more. This study showed that an adolescent lateral trochanteric
entry femoral nail can be used in these cases, for both primary fixation and revision of
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failed elastic intramedullary fixation, as it led to radiological consolidation of all 15 patients
that were analysed in this study. In addition, this study demonstrated that these patients
have good health-related quality of life (HRQoL) as measured with the iHOT-12, the IKDC,
and the Peds-QL at a mean follow-up of 2.8 years.

Despite these advantages, specifically designed adolescent lateral trochanteric femoral
nails, such as den ALFN, are not yet the standard care in all institutions dealing with
femoral fractures in adolescents [13,14].

4.1. Limitations

There are several limitations to this study: First, this was a mono-centre study, suggest-
ing limited external validity. However, we are the only hospital treating paediatric trauma
in a greater geographical area and all sequential patients were included in our study. This
should reduce the probability of a bias in the run-in phase, making a high external validity
probable [15]. In addition it has been stated that no single study is capable of providing
full external validity, since it has been reported that great variation exists across and within
countries for orthopaedic treatments [26]. Second, we had only 15 cases. This might be
considered a small case series. However, all other publications on the HRQoL after femoral
fractures in this age group treated with intramedullary rodding did not report on more
patients than we reported. Third, the examined radiographs were not specifically prepared
for this analysis, but were made routinely. Therefore the quality of these radiographs
is comparable to the situation of the clinician [15]. Moreover, the physician classifying
the fractures was not aware of the clinical result of the patient, thereby the radiological
assessment could be regarded as blinded [15]. Fourth, as this study has a retrospective
design it suffers from typical methodological weaknesses, such as no intermediate data
points and missing data on the HRQoL prior to the injury. While the latter is considered
a methodological weakness in studies analysing adult fractures, this does not necessarily
apply to adolescent fractures, as adolescents usually have no physical limitations before the
injury. Therefore it can be assumed that limitations of the disease-specific outcome measure
are in fact attributable to the injury [15]. Fifth, there is no disease-specific outcome instru-
ment for assessing the HRQoL after fractures of the femur. Therefore, we used accepted
disease-specific outcome instruments for the adjacent hip and knee joint. Unfortunately,
this limits the number of comparable literature considerably. Sixth, our follow-up rate
was 83%. This rate is above the recommended 80% that is commonly used as a threshold
and most other studies we are aware of have a lower rate of follow-up, if the follow-up is
reported at all. In addition, we were not able to identify another study that assessed the
HRQoL in a comparable patient group. Seventh, we do not know how the ALFN compares
to other treatment options in terms of HRQoL. As we do not have a comparison group in
our study and we are not aware of comparable publications in the literature, that question
will be subject of further studies. Eighth, we did not exclude patients with additional
injuries, as we wanted to report the results of this procedure on all subsequent patients
in whom we used this device. Therefore, we stratified the results according to additional
injures in the tables so that readers who are interested in the results of patients who did not
sustain additional injuries can be referred to the tables.

4.2. Demographics, Radiographic Analysis and Complications

As can be seen in Table 1, the average patient who was treated with an ALFN in
this study was 14 years old of age, had a body height of 165 cm, and had a body weight
of 55 kg. These demographics are comparable to the literature [27]. All fractures healed
radiographically and there was no evidence of avascular necrosis of the femoral head or
growth disturbances of the greater trochanter. These results are compatible with Keeler [11],
who also did not report such complications in her innovative study when she used humeral
nails for femoral fractures. Apart from one screw breakage during implant removal, which
can be attributed to the fact that only one instead of two locking screws was used, there
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were no complications. A fragment of that screw remained in the intramedullary canal
(Figure 4).

4.3. Health-Related Quality of Life and AO Classification

The HRQoL in this study as assessed by the iHOT-12, the IKDC, and the Peds-QL
was good, but not perfect. This was true for both the disease-specific and the non-disease-
specific outcome measures. This indicates that there could be a limitation in HRQoL after
these injuries. This is compatible with the literature, as other authors have also described
that there may be significant reduction in HRQoL after fractures of the lower limb. For
example, in a study with 162 children, of which 54.8% had femoral fractures, there were
physical function scores that were lower than age-matched norms at 6 months after the
injury [28].

4.4. HRQoL and Other Injuries

The HRQoL scores were consistently better in the group without additional injuries
compared with the adolescents who sustained additional injuries. This indicates that
the HRQoL of adolescents who were treated with an ALFN is mainly influenced by the
presence of additional injures, and less by the fracture of the femur itself.

5. Conclusions

The ALFN is a feasible treatment option in the adolescent population for the treatment
of femoral shaft fractures, especially when patients are overweight or have a narrow
intramedullary canal. Our study showed excellent health-related quality of life and low
rates of adverse events, there were no cases of AVN or disturbance of trochanteric growth.
Given further advantages of the ALFN, such as less soft tissue injury compared with plate
fixation, the possibility of immediate full weight-bearing, low risk of non-union, and the
avoidance of an external fixator, we prefer the ALFN for the treatment of femoral shaft
fractures in cases when ESIN is not suitable.
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Abstract: Supracondylar humerus fractures (ScHF) account for 60% of fractures of the elbow region
in children. We assessed the relationship between neurovascular complications and the degree of
fracture displacement as rated on the basis of modified Gartland classification. Moreover, we aimed to
evaluate predisposing factors, e.g., age and gender, and outcomes of neurovascular complications in
ScHF. Between 2004 and 2019, we treated 329 patients with ScHF at the Department of Traumatology
and Orthopedics of the Upper Silesian Child Centre, Katowice, Poland. Mean age of patients
(189 boys and 140 girls) was 7.2 years (Confidence interval: 6.89, 7.45). Undisplaced fractures were
treated conservatively with a cast. Displaced fractures were managed by closed reduction and
percutaneous Kirschner wire fixation using two pins inserted laterally. We retrospectively assessed
the number of neurovascular lesions at baseline and recorded any iatrogenic injury resulting from
the surgical intervention. Acute neurovascular lesions occurred in 44 of 329 ScHF patients (13.4%).
The incidence of accompanying neurovascular injuries was positively associated with the severity of
fracture displacement characterized by Gartland score. Vascular injuries occurred mainly in Gartland
type IV ScHF, while nerve lesions occurred in both Gartland type III and IV ScHF. We noted a
significantly higher mean Gartland score and mean age at injury in the group of children suffering
from neurovascular injuries when compared to those in the group without such injuries (p = 0.045
and p = 0.04, respectively). We observed no secondary nerve lesions after surgical treatment. For
the treatment of ScHF in children, we recommend closed reduction and stabilization of displaced
fractures with K-wires inserted percutaneously from the lateral aspect of the upper arm. We advocate
vessel exploration in case of absent distal pulses after closed reduction but do not consider primary
nerve exploration necessary, unless a complete primary sensomotoric nerve lesion is present.

Keywords: supracondylar humerus fractures; treatment; children; vascular injury; neurologic injury

1. Introduction

Supracondylar humerus fracture (ScHF) represents a common bone injury in children,
accounting for 60% of elbow fractures in the pediatric population [1]. ScHF mainly affects
children below the age of seven years [2]. After the age of seven years, ScHF represents the
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second most frequent fracture [3]. Male predominance is typical, with a male-to-female
ratio of 3:2 [4].

Extension-type ScHF caused by falling onto an extended elbow account for 97% to
99% of ScHF [2,5,6]. Left or non-dominant limbs are most often affected [4]. Fractures
are typically classified according to Gartland [7]. Four types are distinguished, i.e., type I
(non-displaced), type II (displaced, but with the intact posterior cortex), type III (completely
displaced, with either posteromedial or posterolateral displacement), and type IV (displaced
with multidirectional instability due to circumferential periosteal disruption) [8].

Fractures of Gartland types II, III, and IV are usually managed by closed reduction
and surgical stabilization. The preferred surgical technique to stabilize ScHF is K-wire
fixation, most commonly by inserting two parallel or diverging K-wires from the lateral
side of the humerus [9].

The most frequently observed complications after ScHF comprise axial malalignment
(e.g., cubitus varus in a frontal plane and residual hyperextension malalignment in a lateral
plane), paresthesia, and superficial pin infections [10].

Terpstra et al. found that the incidence of paresthesia complicating ScHF treated
between 9 p.m. and 2 a.m. was higher when compared to the incidence of nerve injuries
observed in ScHF treated during office hours [11]. According to their literature review, it
appears safe to postpone surgery to office hours, if circumstances are not optimal for acute
surgery at nighttime and if there is no medical contraindication [11].

Pavone et al. compared the outcomes of ScHF in a group of children treated with
crossed pins to the outcomes in a group of children stabilized by lateral pin constructs.
They found a satisfactory outcome with similar results regarding joint function recovery
and postoperative complications [10].

Severe complications related to ScHF, including nerve and vessel lesions, can be
primary, i.e., originating from the initial injury, or secondary as an iatrogenic injury re-
sulting from fracture treatment [3,12,13]. Nerve lesions occur in 5.8% to 14% of children
suffering from ScHF [5,6,14,15], and the incidence of vascular injuries ranges from 3.2% to
14.3% [6,16–19]. For ScHF complicated by neurovascular injuries, urgent reduction and
stable fixation are recommended [20]. These fractures should be managed by the close
collaboration of pediatric surgeons, neurosurgeons, and vascular surgeons [20,21].

We aimed to determine whether there is an association between the degree of fracture
displacement and incidence as well as outcome of accompanying neurovascular lesions.
We hypothesized that the incidence of primary neurovascular injuries complicating ScHF
in children is unrelated to the degree of fracture displacement as classified by Gartland.
Moreover, we aimed to evaluate predisposing factors and outcome of nerve and vessel
injuries in ScHF.

2. Patients and Methods
2.1. Demographic and Baseline Assessments

We retrospectively evaluated 329 patients with ScHF who were treated at our depart-
ment between January 2004 and July 2019.

We included children younger than 17 years who suffered acute ScHF and were
initially referred to the Department of Pediatric Traumatology and Orthopedics, Upper
Silesian Child Centre, Katowice, Poland.

The exclusion criteria comprised patients older than 16 years at the time of injury, poly-
traumatized patients, patients suffering from pathological fractures or recurrent fractures of
the elbow region, and patients suffering from psychomotor dysfunctions or neuromuscular
disorders. We also excluded patients with incomplete medical records or loss to follow-up.

We analyzed patient demographics, i.e., age and sex, and baseline characteristics,
i.e., type of fracture according to Gartland, presence of accompanying nerve lesions and/or
vascular injuries, and laterality of injury.
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2.2. Clinical and Radiographic Assessments

Every ScHF patient admitted to the hospital for fracture treatment was assessed
clinically and radiographically at the Accident and Emergency department. Fractures were
categorized according to the modified Gartland classification based on X-ray images in
anteroposterior (AP) and lateral projections [7]. All patients underwent evaluations of
radial and ulnar pulse and capillary refill time as well as forearm and hand innervation.

We used the protocol by Marsh et al. [22] to improve the assessment and documenta-
tion of the neurologic status in children with arm fractures. The protocol by Marsh et al.
does, however, not include any sensory or vascular assessment and does not document
posterior interosseous nerve function [22]. A simple finger play for children was used to
guide physicians’ assessments of motor function of median, radial, ulnar, and anterior
interosseous nerves.

We grouped patients into those with neurovascular complications (group 1) and those
without neurovascular lesions (group 2).

2.3. Treatments

Non-displaced fractures (Gartland type I) were treated conservatively. Displaced frac-
tures were managed by closed reduction and K-wire fixation. Twelve of 329 patients (3.6%)
underwent open reduction, because closed reduction failed. Overall, 12 of 329 patients
(3.6%) required subsequent surgery, i.e., 10 patients (3.0%) because of unsatisfactory repo-
sitioning and 2 patients (0.6%) due to neurovascular complications. The mean time from
hospital admission to surgery was 6.5 h (range: 0.5 h to 27.0 h).

Closed or open reduction of ScHF was performed under general anesthesia with the
patients placed in the supine position. This was followed by fracture fixation by diverging
K-wires inserted from the lateral aspect of the distal humerus. Subsequently, each patient
received a long-arm plaster cast.

2.4. Ethical Approval

Ethical approval (PCN/022/KB/11/21) was waived by the local Ethics Committee of
the Silesian Medical University of Katowice, Poland, because of the retrospective nature of
the study and the fact that the procedures were part of routine care.

2.5. Statistical Analysis

We analyzed the data using R (version 3.6.1 operating on x86_64, linux-gnu platform).
Differences between groups were assessed using multi-way ANOVA verified by non-
parametric Kruskal–Wallis and adonis tests form the vegan R-package. All predictions of
ANOVA were in agreement with non-parametric results, thus confirming the robustness of
parametric methods. A p-value of <0.05 was considered statistically significant.

3. Results
3.1. Patient Demographics and Number of Patients per Gartland Type at Baseline

We included 329 patients (140 girls and 189 boys) in this analysis. The mean age
of the children was 7.2 years (CI: 6.89, 7.45), and the mean Gartland score amounted to
2.86 (CI: 2.75, 2.97).

The catchment area of the Department of Pediatric Traumatology and Orthopedics,
Upper Silesian Child Centre, Katowice, comprised the population of the Silesian county
(4.5 mill. inhabitants) with 16.8% of the population younger than 18 years of age. Table 1
shows the patients’ demographics.

Table 1. Patients’ demographics (n = 329).

Gender (female/male; %) 140 (42.6%)/189 (57.4%)
Age (years; CI) 7.2 (CI: 6.89, 7.45)
Ethnicity (n; %) Caucasian (326; 99.1%); Asian (2; 0.61%); African (1; 0.3%)
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Table 2 demonstrates the mean and variation of Gartland scores and patients’ ages for
the total study population.

Table 2. Mean values and variation of Gartland scores and patients’ ages at baseline.

All Patients (n = 329) Mean and CI Variation and CI

Gartland score 2.86
CI = 2.75–2.97

0.95
CI = 0.82–1.11

Age (years) 7.2
CI = 6.89–7.45

6.76
CI = 5.84–7.93

The mean age of girls (n = 140) amounted to 6.9 years (range: 1.5 years—14 years).
Boys (n = 189) were 7.4 years old on average (range: 6 months—16 years). The mean ages
of girls and boys did not differ significantly.

Figure 1 shows the total number of male and female patients per Gartland type (I to IV)
at baseline. The mean Gartland score was 2.9 for both girls and boys. Thus, the mean
Gartland score was not influenced by gender.
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3.2. Relationship between the Incidence of Neurovascular Lesions and the Gartland Score

Overall, 44 of the 329 patients (13.4%) exhibited neurovascular lesions (group 1) at
baseline. Group 2 consisted of 285 patients (86.6% of the 329 patients) without neurovascu-
lar lesions (Table 3). Table 3 shows the numbers of patients with and without neurovascular
lesions by Gartland type.

Table 3. Numbers of patients with and without neurovascular lesions per Gartland type.

Number of Patients
Gartland Type

I II III IV

Total (n = 329) 36 74 119 100
With neurovascular lesions (group 1; n = 44) 1 2 14 27

Without neurovascular lesions (group 2; n = 285) 35 72 105 73
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Notably, no patient developed late-presenting neurovascular complications or com-
partment syndrome during the 24 h in-patient observation period.

The mean Gartland scores were higher in the group of patients with neurovascular
lesions (group 1) than in those without neurovascular lesions (group 2). Thus, there was a
positive association between the incidence of neurovascular lesions and the Gartland score
at baseline (p = 0.045; Table 4).

Table 4. Mean Gartland scores and variations and mean patients’ ages for the patients with and
without neurovascular lesions.

Patients with Neurovascular
Lesions (Group 1, n = 44)

Patients without Neurovascular
Lesions (Group 2, n = 285) p-Value

Mean and CI Variation and CI Mean and CI Variation and CI

Gartland
score

3.52
CI = 3.31–3.73

0.48
CI = 0.33–0.78

2.75
CI = 2.64–2.87

0.94
CI = 0.81–1.12 0.045

Age
(years)

8.2
CI = 7.32–9.02

7.81
CI = 5.33–12.54

7.0
CI = 6.72–7.31

6.45
CI = 5.51–7.66 0.04

Fractures of low Gartland types were associated with fewer neurovascular lesions. In
the patient group with neurovascular lesions (group 1), only one patient with Gartland
type I fracture and two patients with Gartland type II fractures suffered accompanying
nerve injuries (Table 5). The incidence of vascular injuries peaked in patients with Gartland
type IV fractures, while nerve lesions occurred most frequently in patients with Gartland
type III and IV fractures (Table 5).

Table 5. Number of patients with neurovascular lesions per Gartland type.

Number of Patients with Neurovascular Lesions
Gartland Type

I II III IV

Total (n = 44) 1 2 14 27
Nerve lesions (n = 24) 1 2 11 10

Vascular lesions (n = 12) 0 0 1 11
Combined neurovascular injuries (n = 8) 0 0 2 6

Types of Nerve Injuries Associated with ScHF

Nerve lesions without accompanying vascular injuries occurred in 32 of 329 patients
(9.7%) (Table 6).

Table 6. Types of nerve lesion and Gartland types of nerve injuries not accompanied by vascular lesions.

Type of Predominant Nerve Lesion
Gartland Type

I II III IV

Median nerve lesion 1 2 6 9
Anterior interosseous nerve lesion 0 0 3 4

Ulnar nerve lesion 0 0 3 3
Radial nerve lesion 0 0 1 0

Eight children (2.4%) exhibited combined neurovascular injuries (Table 5). Among
these, one child suffered anterior interosseous nerve injury and brachial artery throm-
bosis, which required surgical treatment. Another two children presented with anterior
interosseous nerve injury combined with brachial artery injury, and five patients suffered
median nerve injury accompanied by brachial artery injury.

We did not observe any posttraumatic compartment syndrome or posttraumatic
osteomyelitis.
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3.3. Relationship of the Patient Age and the Presence of Neurovascular Lesions

The mean age of ScHF patients with neurovascular lesions (group 1; n = 44) was
8.2 years (CI: 7.32, 9.02). In patients who did not suffer any neurovascular complications
(group 2; n = 285), the mean age was 7.0 years (CI: 6.72, 7.31). Thus, patients without
neurovascular lesions were significantly younger than those who suffered neurovascular
lesions (p = 0.04; Table 4, Figure 2).
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The mean age of patients increased with the increasing Gartland type (Table 7).

Table 7. Mean value and variation of patients’ ages per Gartland type.

All Patients
(n = 329)

Gartland Type

I II III IV

Mean age and CI (years) 6.4
CI = 5.63–7.26

6.9
CI = 6.39–7.5

7.4
CI = 6.87–7.85

7.4
CI = 6.86–7.91

Variation 5.74
CI = 3.78–9.77

5.73
CI = 4.25–8.16

7.31
CI = 5.76–9.61

7.12
CI = 5.49–9.6

3.4. Relationship of Neurovascular Lesions, Gartland Type, and Patient Gender

The mean age of the girls with neurovascular complications amounted to 7.6 years
(range: 2–14 years), and their mean Gartland score was 3.6. The mean age of the girls
without neurovascular complications was 6.8 years (range: 1.5–14 years), with a mean
Gartland score of 2.8. In the group of boys with neurovascular complications, the mean age
was 8.5 years (range: 3–15 years), and the mean Gartland score reached 3.4. The mean age
of the boys without neurovascular complications was 7.2 years (range: 6 months–16 years),
and their mean Gartland score reached 2.8. There was no significant influence of gender on
the incidence of neurovascular lesions in children with ScHF.

3.5. Relationship of Fracture Laterality (Right or Left) on the Gartland Score

Extension-type fractures constituted 99% of all fractures. The left upper extremity
was affected in 218 of 329 patients (66.3%; Figure 3). The mean Gartland score of fractures
of the left humerus was 2.9, and the mean age of the affected children was 7.3 years
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(range: 1.5–15 years). The mean Gartland score of fractures of the right humerus was 2.8,
and the patients’ mean age was 7.0 years (range: 6 months–16 years). Thus, the laterality
of the fracture did not influence the Gartland score, nor was there any significant age
difference between patients with left-sided or right-sided humerus fractures (Figure 3).
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3.6. Outcome of Nerve Lesions and Vascular Injuries

In 30 of the 32 children (93.8%) with nerve injuries at baseline, nerve lesions resolved
spontaneously within four weeks after the reduction and stable fixation of ScHF. In one
patient suffering from Gartland type III ScHF, open reduction was conducted initially. The
surgical release of the ulnar nerve was performed two months after the injury, because
ulnar nerve function did not improve. In an additional patient with Gartland type IV ScHF,
we undertook the surgical release of the median nerve after four weeks due to missing
signs of nerve recovery. In these two patients, nerve function recovered after the averages
of 100 and 146 days, respectively.

The 20 children who presented with absent forearm pulses and the diminished oxygen
saturation of the ipsilateral hand (Table 5) underwent closed fracture reduction. After
the reduction and stabilization of the fracture, we re-evaluated forearm pulses and the
oxygen saturation of the hand and conducted the Doppler sonography of the ipsilat-
eral hand and forearm arteries. In 17 of these patients, perfusion improved after closed
reduction, while the surgical revision of the brachial artery to treat thrombosis was nec-
essary in three patients. One of these children sustained an open supracondylar fracture
(Gustilo-Anderson grade IIIc).

At follow-up at least one year after the injury, we noted no differences in limb growth.
One child complained of intolerance to cold temperatures. The duplex sonography revealed
a reduced flow (<50%) of the ipsilateral forearm arteries in three of the 20 children who
initially presented with absent forearm pulses.

4. Discussion

In our study, in pediatric patients, the incidence of neurovascular complications was
related to the severity of ScHF displacement as rated by the modified Gartland classifi-
cation [2]. However, nerve injuries occurred predominantly in Gartland types III and
IV fractures, while acute vascular injuries were seen mainly in Gartland type IV fractures.
We found a higher prevalence of Gartland type I fractures in younger children and a higher
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incidence of neurovascular complications in older children. The gender and laterality of
fractures did not affect the incidence of neurovascular complications.

Vallila et al. reported that 63% of compensation claims for complications in pediatric
fractures in Finland between 1990 and 2010 were related to the treatment of ScHF [23].

Early complications including vessel and nerve damage, muscle destruction, and
acute compartment syndrome usually appear immediately after suffering ScHF. Varus
and, less frequently, valgus deformity, hyperextension malalignment, and restriction of
elbow range of motion represent the most common late complications of displaced ScHF
in children [2,24].

We observed a mean time from admission to surgery of 6.5 h which is similar to
the time interval proposed by Pavone et al. (<8 h) [25]. However, Schmid et al. showed
that postponing surgery does not influence the rate of open reductions, incidence of
postoperative complications, and overall outcome [26].

We performed closed reduction and percutaneous lateral pin fixation in the supine
position of the patient. Pavone et al. demonstrated good radiographic outcomes and
similar complication rates after closed reduction and percutaneous pinning in Gartland
type III fractures treated in either the supine or the prone position of the patient [25].

4.1. Incidence of Nerve Lesions

According to the literature, ScHF is complicated by nerve injuries in 5.8% to 14% of
pediatric patients [5,6,12,13]. Most nerve lesions associated with ScHF are caused by nerves
entrapped within the fracture rather than by sharp bone fragments or K-wires [27]. In our
study, the incidence of nerve lesions was related to the degree of fracture displacement and
amounted to 9.7% in total. This figure is in line with previously published incidences of
nerve injuries in ScHF [5,6,12,13].

In the study reported by Valencia et al. [12], neurovascular complications occurred
exclusively in Gartland type III injuries. In our study population, we did, however, observe
a small number of neurologic lesions even in Gartland type I (n = 1) and type II (n = 2)
fractures, although the incidence peaked in Gartland type III and type IV fractures.

4.1.1. Types of Nerve Injuries Associated with ScHF

In our study, most neurologic injuries involved the median nerve and anterior in-
terosseous nerve (Table 6). The type of nerve injury is influenced by the fracture type and
direction of fracture displacement [28].

The median nerve tends to be affected in case of posterolateral displacement [29].
In the literature, the most common neurologic deficit associated with ScHF in children
is reported to be neurapraxia which usually resolves spontaneously within two to three
months but can take up to six months [12,30]. In accordance with Omid et al., we noted
that the most frequent nerve complications related to ScHF in children were median and
anterior interosseous nerve injuries [2].

4.1.2. Assessment of Neurologic Function

Technically, it is possible to differentiate between anterior interosseous nerve and
median nerve palsies by assessing motor function, based on the flexion of the middle-finger
proximal interphalangeal joint [30]. However, the assessment of neurologic function before
and after surgical treatment in young children may be challenging or even impossible due
to the children’s cooperation [6,13,31].

There is no significant association between the timing of the surgical procedure and par-
tial or complete nerve recovery [32]. In our study, the recovery of impaired nerve function
took an average of four weeks in 93.8% of patients who initially presented nerve injuries.

4.2. Iatrogenic Nerve Injuries

Current studies report an incidence of iatrogenic nerve injury between 3% and
4% [12,13]. It is noteworthy that we did not observe any iatrogenic nerve injuries in
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our study population. We used the lateral pinning technique that permits the safe and reli-
able stabilization of Gartland type II, III, and IV ScHF [33]. Pesenti et al. demonstrated that
crossed pin constructs are more prone to ulnar nerve injury than lateral pin constructs [34].
Minimal incision over the medial epicondyle in order to identify the bony prominence of
the medial epicondyle in case of massive soft tissue swelling can help to reduce the rate
of ulnar nerve injuries in crossed pin constructs [34]. Larson et al. reported that crossed
pinning is biomechanically more stable than lateral pin constructs but carries a higher
risk of ulnar nerve injury during the insertion of the medial pin [35]. Afaque et al. and
Pavone et al. demonstrated that there is no significant difference between lateral pinning
and crossed pinning in terms of functional outcome, biomechanical stability, and incidence
of complications [10,36].

4.3. Incidence of Non-Iatrogenic Vascular Injuries

Traumatic, non-iatrogenic vascular injuries in children are rare and mainly involve the
brachial artery.

Surprisingly, a single patient in our subgroup of patients with Gartland type III
fractures experienced isolated arterial injury, while two patients in this subgroup presented
with combined nerve and arterial lesions. In our study, most isolated arterial lesions
occurred in patients with Gartland type IV fractures (n = 11), while six patients in this
subgroup exhibited combined neural and arterial injuries. Our findings are in accordance
with the observation of Garbuz et al. who described that the incidence of concomitant nerve
lesions in patients suffering from ScHF complicated by absent radial pulse is 60% [37].

4.4. Combined Vascular and Neurologic Lesions

Louahem et al. [38] noted the possibility of combined neurovascular complications
in patients with ScHF. The therapeutic approaches in these patients were the same as in
isolated nerve or vessel injuries. In our patients with ScHF, we observed neurovascular
complications mainly in Gartland type IV (six patients) and type III (two patients) ScHF,
confirming our previous observation of a higher incidence of neurovascular complications
in ScHF with significant displacement and instability.

4.5. Study Limitations and Strengths
4.5.1. Study Limitations

The main study limitation was the retrospective study design and lack of standardiza-
tion of evaluations. Furthermore, various medical teams attended to our patients because
of the prolonged study period (2004–2019), and diagnostic procedures may have changed
in the course of the 15-year period.

4.5.2. Study Strengths

Our study describes the functional outcomes of a large number of pediatric ScHF
patients who were treated by surgical stabilization. Operations were performed by different
surgeons, and therefore, our results may be generalized. We were able to confirm the
association between the more marked fracture displacement (i.e., higher Gartland type)
and the incidence of neurovascular complications.

We demonstrated a good recovery of impaired neurovascular function after closed
reduction and stable retention by K-wires inserted from the lateral aspect of the upper arm.

5. Conclusions

1. The incidence of neurovascular complications was related to the degree of ScHF
displacement as classified according to Gartland. Vascular complications mainly
accompanied Gartland type IV ScHF, whereas nerve lesions occurred in Gartland type
III and IV ScHF.

2. For the treatment of displaced ScHF, we recommend closed reduction and stabilization
by K-wires inserted percutaneously from the lateral aspect of the distal humerus. If the
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impaired perfusion of the forearm persists after fracture reduction and stabilization
or if complete nerve paralysis or iatrogenic nerve lesion develops, surgical treatments
of these neurovascular complications should be considered.
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Abstract: Background: Surgical hip joint reconstruction may be the method of choice for children and
adolescents with developmental dysplasia of the hip (DDH), as well as neurogenic dislocation of the
hip (NDH) and Legg–Calvé–Perthes disease (LCPD). Following pelvic surgery, immobilization using
a spica cast is considered to be the gold standard, despite the fact that casting may cause complications,
such as hygienic problems, skin lesions, neurological deficits, and rigidity of the adjacent joints. An
alternative for postoperative immobilization is a foam splint. The purpose of this randomized
controlled trial was to compare spica cast and foam splint immobilization after hip reconstruction in
children and adolescents with DDH, NDH, and LCPD. Methods: In a prospective randomized clinical
trial, children and adolescents (age: 4–14 years), who received hip reconstructive surgery (osteotomy
of the ilium and proximal femur, open reduction, soft tissue techniques) for DDH, NDH, and LCPD
were included. Patient recruitment, group allocation, surgery, and aftercare were carried out in a
department for orthopaedic surgery in Central Europe. Standardized questionnaires SF-36 (Short
Form-36), EQ-5D (Euro Quality of Life 5D and CPCHILD (Caregiver Priorities and Child Health Index
of Life with Disabilities) were gathered before, six, and twelve weeks after surgery from each patient.
Group one received a spica cast and group two a foam splint for a period of six weeks postoperatively.
There was no difference in surgical treatment. Results: Twenty-one out of thirty planned patients
were enrolled in the study. One patient had to be excluded because of a lack of compliance. All
quality of life (QOL) scores showed a significant reduction at the 6-week follow-up compared to
the preoperative assessment. After twelve weeks, the scores came back close to the preoperative
values. A significant reduction was seen in the spica cast group pre- vs. postoperatively for the
variables CPCHILD (81% vs. 64%, p = 0.001), EQ-5d (65% vs. 45%, p = 0.014), and SF-36 (85% vs. 74%,
p = 0.004). The corresponding values for the foam splint group also presented a reduction for all
scores, but without statistical significance. Complications occurred in five cases. Conclusions: Recent
retrospective studies suggest that foam splint immobilization after hip reconstruction surgery is a
safe and feasible method, promising fewer complications compared to spica casting. The preliminary
results of this prospective randomized clinical trial show an improvement of the scores when using a
foam splint compared to the conventionally used spica cast. Benefits for the patients may be fewer
adverse events and no need to undergo a second round of anaesthesia for recasting. Data suggest
higher patient and caretaker satisfaction in the foam splint group.

Keywords: dysplasia of the hip; hip reconstructive surgery; spica cast; foam splint; complications;
quality of life; prospective randomized clinical trial
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1. Introduction

Developmental dysplasia of the hip joint (DDH) and deformations of the proximal
femur may occur congenitally. Other diseases, such as cerebral palsy (CP) or myelomeningo-
cele (MMC), can result in neuromuscular dysplasia of the hip (NDH) and/or dislocation of
the hip [1]. Consequences may be pain when walking/standing/sitting, as well as difficulty
in ambulating or even the inability to stand.

In early childhood, DDH or dislocation of the hip may be treated by casting or splinting.
In case of failed conservative treatment, surgical reposition and reconstruction of the hip
is needed.

Children with neuromuscular disorders show a high incidence of hip dislocations
and failed conservative treatment due to NDH [2]. In CP, different authors found that hip
dislocation occurred in 18–60% of their patients [3].

Besides DDH and NDH, young patients with Legg–Calvé–Perthes disease (LCPD)
benefit from pelvic reconstruction, with the aim of improving the hip containment to
prevent further lateralization or to support the rebuilding of the femoral head [4–6].

Especially in older ambulating children, tight soft tissue makes the procedure chal-
lenging. A combination of soft tissue and bony procedures may be necessary to achieve a
reduction of the joint [7,8].

Postoperative immobilization is usually performed by spica casting for six weeks,
followed by physiotherapy [9]. Most surgeons prefer casting to avoid secondary dislocation,
especially in patients with spasticity.

A broad variety of complications is known: hygienic problems, skin lesions, neurolog-
ical complications, and rigidity of the joints after casting. In some institutions, a change
of the spica cast is performed in a second short round of general anaesthesia two weeks
after surgery.

An alternative for postoperative immobilization is a foam splint. It protects the surgi-
cally treated hip from dislocation, provides access to the wound, and allows physiotherapy
of the adjacent joints.

Retrospective studies showed the safety of the foam splint concerning the healing
of the bone and promised fewer complications. Gather et al. showed in 2018 that foam
splinting is not inferior to spica casting with regard to major complications such as the
dislocation of the bone wedge, avascular necrosis of the acetabulum or femur, events of
osseous non-union, or nerve injury [10].

Despite this retrospective data, there is no final consensus on the best means of
postoperative immobilization in the treatment of DDH. It is assumed that foam splinting
leads to a smaller number of complications and higher patient and caregiver satisfaction.

In a prospective randomized clinical trial, the study group now aims to test the
hypothesis that the foam splint leads to a higher satisfaction of the patient and the caretaker
by measuring well-established quality of life (QOL) scores pre- and postoperatively.

Furthermore, a lower number of complications is expected. Benefits for the patients
may be fewer unplanned outpatient contacts, a higher quality of life during the after-
care process, and no need to undergo a second round of anaesthesia for recasting. Up
to now, a comparable study does not exist, as trials dealing with foam splinting after
pelvic reconstruction were performed in most cases retrospectively and/or were non-
randomized [10–12].

2. Materials and Methods

The study group of a Central European department for orthopaedic surgery designed
a non-blinded, prospective randomized clinical trial to test the following hypothesis: foam
splinting leads to a higher postoperative satisfaction of patients and their caretakers in
cases of pelvic reconstruction.

Ethical approvement was obtained prior to the conduction of the clinical trial (Ethikkom-
mission des Landes Oberösterreich EK Nr: 1183/2018), and a scientific grant by the Medical

248



Children 2022, 9, 288

Society of Upper Austria funds the research. The clinical trial was registered at the German
Clinical Trials Register after ethical approval (DRKS-ID: DRKS00016861).

Patients were recruited in the outpatient clinic for paediatric orthopaedics and neuro-
orthopaedics at the study site. Recruitment was performed by a single paediatric or-
thopaedic surgeon with more than 20 years of clinical experience.

Included patients were children and adolescents from 4 to 14 years of age with the
diagnoses ‘congenital dysplasia of the hip’, ‘neuromuscular dysplasia of the hip’, and
‘Legg–Calvé–Perthes disease’, with indication for hip reconstructive surgery. Indications
for surgery were a Reimers migration index of 40% or higher or 25–40% with progression,
Tönnis classification II or higher, or an AC-Index above the Tönnis standard and head-at-
risk signs in cases of LCPD.

The standardized questionnaires (SF-36, EQ-5D, and CPCHILD) were completed
before surgery and after 6 and 12 weeks, and participation was mandatory. Post-trial care
was performed within a standardized yearly routine check-up and did not differ in the
two groups. All planned postoperative follow-up checks were conducted at the outpatient
clinic for paediatric orthopaedics and neuro-orthopaedics at the study site by one senior
and one junior paediatric orthopaedic surgeon. The algorithm of the recruitment process is
shown in Figure 1.

Obtained informed consent from the patient and legal guardian was mandatory and
collected by the surgeon prior to the procedure.

Two groups with differing immobilization protocols were formed.
Group one, the control group, was treated using a standardized spica cast with slight

flexion of the hip of about 10–15 degrees, 10 degrees inward rotation of the hip and
30 degrees of abduction of the hip (Figure 2). Two weeks after surgery, a second short
general round of anaesthesia for the removal of the skin suture and to change the cast
was necessary.

Group two, the intervention group, was treated using immobilization with a foam
splint for six weeks with slight flexion of the hip of about 10–15 degrees, 10 degrees inward
rotation of the hip and 30 degrees of abduction of the hip (Figure 3). No second round of
anaesthesia for recasting in the operating room was needed in group two. During the period
of immobilization in group two, physiotherapy of the lower extremity was performed
considering the patient’s needs by experienced neuro-paediatric physiotherapists.

The assignment process to the two groups was random, using a coin toss four to six
weeks prior to surgery. The randomization process was performed by a junior paediatric
orthopaedic surgeon, and observed by a senior paediatric orthopaedic surgeon in awareness
of the possibility of unintentional unbalanced results [14]. The randomization process was
chosen as the simplest method and to avoid manipulation by the change of chronological
order, as would be possible in a fixed randomization sequence.

There was no difference in the surgical technique between both groups. Included
surgical techniques were derotating varisation osteotomy of the femur (DVO), Pemberton
acetabuloplasty, and Salter and Chiari osteotomy. Soft tissue techniques were tenotomy
of the psoas muscle, of the adductor muscles, of the knee flexors, and the lengthening of
quadriceps tendon.

Standardized questionnaires were used to measure the quality of life and the quality
of aftertreatment 6 and 12 weeks after surgery (Table 1). The questionnaires used were
the ‘Caregiver Priorities and Child Health Index of Life with Disabilities’ (CPCHILD), the
‘Short Form 36’ (SF-36), and the ‘Euro Quality of Life 5D’ (EQ-5D) [15–17]. The evaluation
of the questionnaires was performed by a junior paediatric orthopaedic surgeon. Mobility
was measured using the ‘Gross Motorfunction Classification System’ (GMFCS) scale [18].
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Figure 1. The algorithm of the trial; CONSORT diagram adapted from [13].
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Figure 2. Postoperative spica cast.
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Figure 3. Postoperative foam splint.

The main hypothesis to test was: foam splinting for immobilization after hip recon-
structive surgery leads to a higher satisfaction of the patients and a higher quality of care
than spica casting, measured with the parameter ‘Caregiver Priorities and Child Health
Index of Life with Disabilities’ (CPCHILD) [15,19].

The side issue was: are there fewer complications, such as hygienic problems, skin
lesions, and neurological complications?

The clinical endpoint of the study was the completion of the 12-week postoperative
questionnaire. Only patients with full completion of the questionnaires were included in
the further statistical analysis. Criteria for exclusion were a lack of consent and cooperation.
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Data storage and analysis were performed pseudonymized, and only study authors
have access to the full datasets.

Statistical methods included a detailed epidemiological description with mean and
standard deviation, minimum, maximum, and median for continuous data and scores, and
relative frequency for all variables. The main characteristics were analysed with a t-test or
chi-square test. Values for p are given and values <0.05 are considered to be statistically
significant. When appropriate, graphical methods for visualisation are used.

The calculation of sample size used a two-sided t-test (difference between two inde-
pendent means), effect of Cohen’s d 1.1, alpha = 0.05, 1-beta = 0.80, and allocation ratio 1:1,
and this resulted in a number of 15 patients per group (Software G*Power 3.1). Statistical
analysis was planned in accordance with the local institute for biomedical statistics.

Table 1. Schedule of enrolment, interventions, and assessments.

STUDY PERIOD

Enrolment Allocation Post-Allocation Close-Out

TIMEPOINT −t1 0 t1 t2 t3
ENROLMENT: X

Eligibility screen X
Informed consent X

Allocation X
INTERVENTIONS:

Spica Cast
Foam Splint

ASSESSMENTS: X X X X
CPCHILD X X X

SF-36 X X X
EQ-5D X X X

Complications screen X X X

t1 = surgery, t2 = 6 weeks after surgery, t3 = 12 weeks after surgery. X = action; = interventional
process.

Patient and Public Involvement

The planning study was supported by the local ethical review committee, including
the representative for disabled patients, which provides professional ethical and legal
advice. The ethical review committee reviewed the study protocol during the planning
of the clinical trial and gave advice on ethical and legal topics, as well as statistical issues.
The committee partnered with the study group for the design of the study, the informa-
tional material to support the intervention, and the burden of the intervention from the
patient’s perspective.

3. Results

Twenty-one out of thirty planned patients were involved (Table 2) until the end of
2021. One patient had to be excluded from further analysis due to parental compliance
problems using the foam splint. This patient had to be casted two weeks postoperatively
and further postoperative regime was unremarkable.

A complete dataset is available for 20 patients, wherein 10 received a spica cast and
10 a foam splint.

Of 15 patients with NDH, 0 were GMFCS type I, 1 was type II, 3 were type III, 2 were
type IV, and 9 were type V. Eight of these patients received a spica cast, showing the
efficiency of the randomization process.

Complications occurred in five patients. In the foam splint group, two patients suffered
from superficial skin lesions on their medial malleolus. Both cases were seen in children
with spasticity of the lower extremity. Analysing those cases revealed that the foam splint
was too tight around the ankles. The design of the foam splint had to be adapted for the
following cases by the orthopaedic technician. The superficial skin lesions were draped
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with foam patches and healed within one week. One patient of the foam splint group
suffered from a deep wound infection of the proximal lateral femur 4 days postoperatively.
The wound had to be revised surgically on the fifth postoperative day and healed under
antibiotic treatment within two weeks.

Table 2. Epidemiologic data and procedures.

DDH NDH LCPD

N (hips) 4 15 2
age at surgery 5.4y ± 3.6 8.0y ± 3.0 6.5y ± 0.6
m:f 2:2 8:7 2:0
right:left 2:2 8:7 0:2
bilateral 0 0 0
Surgical procedure in detail
Femoral osteotomy 4 15 2
Osteotomy of ilium 4 15 2
Salter osteotomy 0 0 2
Chiari osteotomy 0 1 0
Pemberton osteotomy 4 14 0
Psoas tenotomy 0 3 0
Adductor tenotomy 0 4 0
Open reduction 2 6 0
Hamstring lengthening 0 2 0
Lengthening of extension mechanism 0 1 0

In the spica cast group, one patient showed a superficial skin lesion on the heel caused
by the cast. This was seen two weeks postoperatively during the planned recasting. The
second cast ended just above the ankle, the heel was covered with foam patches and healed
within two weeks. One patient of the spica cast group suffered from a deep wound infection
of the groin five days postoperatively and had to be revised surgically on the sixth day
postoperatively. The wound healed under antibiotic treatment within two weeks. In none
of the patients did the osteosynthesis material have to be revised.

The quality of life (QOL) scores showed a significant reduction at the 6-week follow-up
compared to the preoperative assessment. The scores came back close to the preoperative
values until the second postoperative assessment after twelve weeks (Table 3).

Table 3. Comparison of QOL scores at the three assessments.

CPpre Low–High SD EQ-5Dpre Low–High SD SF-36pre Low–High SD

Total 77% 50–100 20 62% 24–100 25 82% 63–99 10
Foam splint 74% 50–100 22 60% 24–100 26 80% 63–99 11
Spica cast 81% 52–100 16 65% 37–94 24 85% 72–97 9

diff 7% 10 5% 12 5% 5
p 0.595 0.803 0.360

CPpost1 low–high SD EQ-5Dpost1 low–high SD SF-36post1 low–high SD
Total 69% 36–89 14 49% 35–81 13 76% 66–87 5

Foam splint 73% 58–89 13 53% 38–81 15 78% 73–87 5
Spica cast 64% 36–78 14 45% 35–68 10 74% 66–80 5

diff 9% 7 8% 6 4% 2
p 0.147 0.253 0.087

CPpost2 low–high SD EQ-5Dpost2 low–high SD SF-36post2 low–high SD
Total 69% 36–99 15 66% 34–98 19 84% 72–97 7

Foam splint 79% 60–99 15 65% 41–98 15 87% 78–97 5
Spica cast 74% 36–78 14 66% 34–68 17 82% 72–91 7

diff 5% 6 1% 9 5% 3
p 0.385 0.873 0.110
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A significant reduction of all QOL scores was seen in the spica cast group pre- vs.
postoperatively for the variables CPCHILD (81% vs. 64%, p = 0.001), EQ-5d (65% vs. 45%,
p = 0.014), and SF-36 (85% vs. 74%, p = 0.004).

Furthermore, the values for the foam splint group also presented a reduction but did
not show statistical significance. (Table 4).

Table 4. Comparison of pre- and postoperative QOL scores, split up by mode of immobilization.

CP Low–High SD EQ-5D Low–High SD SF-36 Low–High SD

Spica cast pre 81% 52–100 16 65% 37–94 24 85% 72–97 9
Spica cast post1 64% 36–78 14 45% 35–68 10 74% 66–80 5

diff 17% 4 20% 7 9% 4
p 0.001 0.014 0.004

CP low–high SD EQ-5D low–high SD SF-36 low–high SD
Foam splint pre 74% 50–100 22 60% 24–100 26 80% 63–99 11

Foam splint post1 73% 58–89 13 53% 38–81 15 78% 73–87 5
diff 1% 4 7% 6 2% 2

p 0.965 0.269 0.437

Six weeks after surgery, values for CPCHILD (Figure 4), EQ-5D, and SF-36 were lower
in the spica cast group than in the foam splint group, despite the fact that the difference
did not reach the level of statistical significance (CPCHILD 73% vs. 64%, p = 0.147). The
difference between the two groups decreased until the 12-week follow-up, still without
statistical significance.

Figure 4. CPCHILD score at the 6-week follow-up for spica cast (A) and foam splint (B).
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4. Discussion

Clinical trials on children and handicapped persons need to be carried out under
sound ethical and scientific standards, considering their personal and legal independency.

Participation in a clinical trial needs in-depth discussion with the legal guardian and
appropriate discussion with the child, depending on age and capacity.

Dysplasia of the hip must be treated prior to the ability to give informed consent to
prevent deterioration or even loss of gait and posture. Therefore, it must be clarified to the
patient and the guardian that hip reconstructive surgery is not only a measure to improve
function, but also the quality of life for many years.

There is evidence that hip reconstructive surgery has a positive effect on the quality of
life of children with cerebral palsy: DiFazio et al. were able to show the positive effect of
hip reconstructive surgery in children with cerebral palsy in 2016 [15].

Despite the decades-long history of surgical correction of the hip and pelvis, there is
no final consensus about the ideal modality or duration of postoperative immobilization,
although the discussion is vivid and controversial [9].

Complications associated with spica cast immobilization are known, and recent publi-
cations have shown adverse events in 4.5% to 13.4% of cases in hip reconstructive surgery
and up to 28of in cases in femoral fractures treated with spica casts [11,20]. The study group
of Pisecky et al. presented a complication rate of 27.3% using spica cast immobilization
in hip reconstructive surgery. Complications were more common in patients with NDH
(35%) than DDH (22%). Nine out of twenty-three adverse events were considered to be
cast-associated [21].

Aiming for the reduction of superficial skin lesions, Murgai et al. presented data for
foam padding of the spica cast in 920 patients with 2481 immobilizations. It was possible
to show a decrease in the complication rate in A-frame casts from 13.4% to 4.5%. Patients
with neurologic disorders had the lowest complication rate with 0.7%, and neurovascular
deficits were described in none of the cases with foam padding, in contrast to 4.5% in
patients without additional measures [11].

DiFazio et al. presented a complication rate of 28% in cases treated with spica cast im-
mobilization for femoral fractures. Thirty-one percent of the patients needed a readmission
for recasting [20]. In a prospective trial, the same group was able to show a reduction of the
complication rate from 13.6 to 6.6 cases per 1000 castings by using foam pads to enhance
the cast [12].

As a study group with a large amount of experience in the usage of foam splints,
Gather, Dreher et al. established a straightforward immobilization protocol with early
physiotherapeutical remobilization and full weight bearing four weeks postoperatively after
immobilization. According to the results of the study, no device-associated complication
was seen. Therefore, it can be assumed that foam splinting is as safe as spica casting
concerning the postoperative immobilization for the fixation of the osseous result [10].

Nevertheless, these reports are retrospective case series, and high-quality prospective
randomized clinical trials are lacking. A broad variety of feasible aftercare procedures is
known and, in most institutions, the surgeon’s preference, personal experiences, or just
tradition is the reason given for a type of postoperative immobilization. It is thought
to be a compromise to protect the result of the surgical procedure on one hand and to
prevent superficial skin lesions or worse complications on the other. The fear from loss of
correction stands in contrast to a short and complication-free period of immobilization, as
desired by the patient and the caretaker. Mostly, minor adverse events, such as skin lesions,
superficial wound healing problems, and hygienic challenges, are responsible for many
unscheduled outpatient contacts. These unplanned contacts bind medical professionals
to time-consuming procedures and lead to rising costs in the health care system. More
severe complications, such as deeper lesions of the skin, may need unplanned readmission
to hospital, and in some cases surgical revision, with the risk of further adverse events.
Interfering with the patient’s autonomy and the caretaker’s independence, readmissions
and surgical procedures should be avoided by averting the underlying complication. Apart
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from the patient-related drawbacks, the financial burden of unplanned readmissions to
hospital and recasting is enormous. In 2011, DiFazio calculated expenses of USD 12,719
for readmission and recasting in the operating room under sedation [20]. Furthermore,
unplanned procedures take up necessary time in the operating room and, in the worst case,
postpone planned surgical procedures.

In order to improve evidence relating to postoperative treatment, this is the first
prospective randomized clinical trial comparing spica casts and foam splints for postopera-
tive immobilization in patients who received hip reconstructive surgery. The purpose of
this ongoing study is to evaluate quality of life and complication rates between these two
different immobilization devices, and the preliminary data show promising results.

Until today, spica cast immobilization is still a widely used regimen of aftertreatment
following pelvic surgery in children. It is necessary to provide criteria for the usage of a
foam splints instead of casting in immobilization after hip reconstructive surgery.

Strengths and Limitations

Providing the first prospective randomized clinical trial on the topic of foam splinting
and casting in immobilization after hip reconstructive surgery, the obtained data may
support decision making in postoperative care concerning the safety and satisfaction
of patients and caretakers. This clinical trial was planned under high ethical and legal
standards and has passed the ethical review committees. At this point, the main limitation
to achieve statistical significance may be the small number of participants of 10 patients
in each group. The present data show the necessity to include at least 17 patients in each
group to reach levels of statistical significance. More patients must be included in the study
and further trials may be needed to obtain reliable data.

5. Conclusions

The data suggest higher patient and caretaker satisfaction in the foam splint group.
The preliminary results of this clinical trial show an improvement of the QOL scores
when using a foam splint compared to the conventionally used spica cast. Nevertheless,
the values do not show statistical significance, most likely because of the low number of
patients included and the relatively small difference. The conduction of the clinical trial
is necessary.
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