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ABSTRACT

Recurrent groin pain following periacetabular osteotomy (PAO) is a challenging problem. The purpose of our study was to evaluate the position 
and dynamics of the psoas tendon as a potential cause for recurrent groin pain following PAO. A total of 386 PAO procedures, performed between 
January 2013 and January 2020, were identified from a single surgeon series. Thirteen patients (18 hips) had a psoas tendinopathy, as confirmed 
with relief of symptoms following a diagnostic injection into the psoas tendon. All patients underwent computed tomography (CT) scans pre- and 
post-operatively. The data from CT scan was used to manually segment bony structures and create 3D models using Mimics software (Materialise 
NV). A validated discrete element analysis model using rigid body springs was used to predict psoas tendon movement during hip circumduction 
and walking. The distance of the iliopsoas tendon to any bony abnormality was calculated. All computational analyses were performed using 
MATLAB software. Thirteen hips (13/18) showed bony malformations (spurs, hypertrophic callus or delayed union and malunion) secondary 
to callus at the superior pubic ramus. The mean minimal distance of the iliopsoas tendon to osteotomy site was found to be 13.73 mm (𝜎 = 3.09) 
for spurs, 10.99 mm (𝜎 = 2.85) for hypertrophic callus and 11.91 mm (𝜎 = 2.55) for canyon type. In normal bony healing, the mean minimal 
distance was 18.55 mm (𝜎 = 4.11). Using a validated computational modelling technique, this study has demonstrated three different types of 
malformation around the superior pubic osteotomy site, which are associated with psoas impingement. In all of the cases, the minimal distance 
of the iliopsoas tendon to the osteotomy site was reduced by 59–74%, as compared with the normal anatomy.

I N T R O D U C T I O N
Hip dysplasia (HD) is a condition characterized by insufficient 
acetabular coverage of the femoral head [1, 2]. The stability of the 
hip joint is improved by both the anterior hip capsule and iliop-
soas tendon acting as anterior stabilizers with the contribution 
of gluteus medius and minimus muscles acting as lateral stabi-
lizers [3–6]. Patients with HD often present with pain related 
to muscles and tendons around the hip [7–10]. Pre-operatively 
nearly one in five cases of HD reported pain attributed to the 
iliopsoas tendon which was attributed as the cause of low func-
tional outcomes in these patients [11]. In addition, a frequently 
diagnosed condition in dysplastic hips is the internal snapping 
hip syndrome related to the iliopsoas tendon, with some stud-
ies reporting a prevalence of up to 30% [5, 6, 12]. Furthermore, 
patients with HD have altered gait patterns, resulting in altered 

muscle torques while performing abduction and external rota-
tion of the hip. They also have an increased gluteus medius 
muscle volume with significantly shorter muscle moment arms 
along with a slightly lower average isometric torque, in symp-
tomatic HD patients when compared to controls, for the hip 
abductors, extensors and flexors [10]. As a result, patients may 
experience pain in these muscles relating to overuse [5]. The 
iliopsoas muscle is an important muscle during walking, run-
ning and standing upright [6, 13–16]. Iliopsoas is the main flexor 
of the hip and is made up of three different muscles: the psoas 
major, the psoas minor and the iliacus muscle. The tendon of the 
iliopsoas muscle usually consists of both the iliacus and the psoas 
major muscle, but variations may occur. The psoas minor muscle 
is inconsistent and may be absent in up to 40% of the population
[3, 13–15, 17].
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Periacetabular osteotomy (PAO) has gained importance as 
a joint-preserving procedure for the treatment of symptomatic 
acetabular dysplasia [2, 18, 19]. PAO is a re-directional 
osteotomy (Fig. 1) of the acetabulum which preserves the 
integrity of the hip joint and improves function [19, 20]. It 
involves osteotomy of the superior pubic ramus, the iliac wing 
and up to 50% of the width of the posterior column and ischium. 
The ischial osteotomy is a partial osteotomy to ensure that the 
osteotomy leaves an acceptable amount of intact posterior col-
umn allowing early assisted weight bearing. The superior pubic 
ramus osteotomy is performed just medially to the iliopectineal 
eminence, which is near the path of the iliopsoas tendon rais-
ing the possibility of interference of the tendon after surgery [21, 
22]. In particular, concerns have been raised about the posi-
tion of the superior pubic ramus osteotomy. If performed more 
medially, the osteotomy would likely interfere with the femoral 
vessels passing through the vascular lacuna [3, 21, 22]. If per-
formed more laterally, the broader bony surface may predispose 
to excessive callus formation and the formation of spurs, or pseu-
darthrosis. This may in turn lead to irritation of the iliopsoas 
tendon with consequent groin pain [3, 12, 23]. Recurrent groin 
pain following PAO is a difficult problem and determining the 
aetiology of pain in these patients can be very challenging, even 
for the experienced surgeon.

The aim of this study was to evaluate the position and dynam-
ics of the psoas tendon as a potential cause for recurrent groin 
pain following PAO due to its proximity to the osteotomy site of 
the superior pubic ramus [5, 6].

M AT E R I A L S A N D M ET H O D S
Patients with recurrent ipsilateral hip pain following PAO were 
identified from a comprehensive prospectively collected PAO 
database at an academic referral centre between January 2013 
and January 2020. A total of 386 PAOs were performed dur-
ing the study period by a single experienced surgeon (A.M.). 
Patients presenting with recurrent or residual groin pain were fur-
ther assessed with plain radiograph, ultrasound scan (USS), CT 

scan and MRI scans, as deemed necessary to look for degenera-
tion, stress fractures, delayed non-union and soft-tissue causes. 
Patients who presented with signs and symptoms suggestive 
of psoas tendinopathy that did not resolve with physiotherapy 
underwent a hip USS-guided iliopsoas injection to confirm the 
diagnosis. The patients where the tendinopathy did not resolve 
were those who underwent a further CT scan to assess the 3D 
morphology of the hip and the osteotomy site. A total of 18 
hips in 13 patients, who responded positively to the USS-guided 
iliopsoas injection but had ongoing symptoms, were included 
in the study. Bone geometry of both the pelvis and the knees 
was derived from this data by manual segmentation using a ded-
icated 3D software program Mimics (Materialise NV, Leuven, 
Belgium). The data set involved high-resolution CT images with 
an inter-voxel spacing ranging from 0.578 to 0.977 mm and an 
inter-slice thickness of either 0.625 or 1.250 mm. Different bony 
structures were separated using the split mask tool and minor 
reconstruction errors were manually corrected using the edit 
mask tool and then exported separately as .STL file which could 
then be used to perform simulations of psoas tendon excursion 
using a previously established discrete element analysis (DEA) 
model [24]. The femoral bony anatomy, in particular the miss-
ing intercalating femoral diaphysis, was completed by fitting a 
detailed shape model of the femur [25].

All patients underwent assessment of radiographical param-
eters (Fig.2) such as femoral neck-shaft angle, femoral offset, 
femoral anteversion, anterior centre edge angle (ACEA) and 
acetabular version from CT images using an integrated tool in 
Mimics software. Simulated plain radiographs were created from 
the CT data using Mimics to assess the lateral centre edge angle 
(LCEA), Tönnis angle and acetabular index (AI). All measure-
ments were performed by one author who had been appropri-
ately trained (F.V.D.) using previously published techniques. In 
addition, LCEA and AI were measured separately from the pre-
operative plain radiograph of the pelvis by the senior author 
(A.M.). Detailed description of these radiographical parameters 
is provided in Fig. 2 and the measurements are shown in Table I.

Fig. 1. Schematic representation of the osteotomy cuts performed in Bernese.
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Fig. 2. Radiographic measurements on CT (A–F) and generated x-ray (G–I).

Table I. Radiographic parameters describing variation in hip joint morphology

 Mean (𝝈)

Parameter Definition Reference values
Preoperative 
(N = 18)

Postoperative 
(N = 18)

Femoral neck-shaft 
angle (A)

Angle formed by the axis of the femoral neck 
and the proximal femoral diaphyseal axis on 
antero-posterior view, indicating varus or 
valgus formation of the femur

125–135∘ 130.84 (3.96) —

Femoral offset (B) The distance from the centre of rotation of the 
femoral head to a line bisecting the long axis 
of the femur

25–60 mm 33.07 (4.29) —

ACEA (C) Amount of femoral head coverage by the 
anterior aspect of the acetabular roof

34–66∘ 47.76 (6.96) 52.30 (4.11)

Acetabular 
anteversion (D)

Angle formed by the sagittal plane and a line 
connecting anterior/posterior acetabular edge 
midfemoral, indicating acetabular orientation

11–23∘ 21.61 (4.06) 39.49 (5.74)

Femoral anteversion 
(E + F)

Angle formed by the axis of the femoral neck 
and the femoral shaft, indicating the degree of 
femoral torsion

8–15∘ 18.13 (8.55)

LCEA (G) Amount of femoral head coverage by the most 
cranial aspect of the acetabular roof (sourcil)

25–39∘ 17.00 (3.95) 35.97 (3.12)

Acetabular angle by 
sharp (H)

Angle formed by a horizontal line through the 
inferior of the teardrop and a line from this 
point to the lateral acetabular margin, used to 
evaluate hip dysplasia

33–38∘ 41.9 (3.2) 28.4 (3.8)

Tönnis angle/AI (I) Amount of bony acetabular coverage of the 
femoral head, indicated by the angle formed 
by a line extending from the medial to the 
lateral edge of the sourcil and the horizontal 
plane

5–15∘ 12.97 (4.31) −0.64 (4,57)
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A validated DEA model using rigid body springs was used 
to predict psoas tendon movement during hip circumduction 
and walking [24, 26, 27]. For each motion step, the elastic-
constrained path of the tendon and muscle was calculated. The 
model was used to compare the preoperative and postopera-
tive psoas tendon trajectory in sagittal, coronal and axial planes. 
Additionally, the distance of the psoas tendon in relation to the 
superior pubic ramus osteotomy site was noted by measuring the 
minimal distance between the tendon and osteotomy. The min-
imum distance for the tendon varied only minimal during gait 
per patient and no significant pattern could be identified. The 
hip joint was modelled as a spherical joint with three rotational 
degrees of freedom [28]. Considering gait only requires a min-
imal of 20–30∘ of angular hip flexion, the tendon’s position was 
mainly dictated by the skeletal anatomy rather than variance in 
kinematics. However, during simulation of circumduction, the 
minimal distances were observed at minimal adduction posi-
tions [28]. Gender-specific hip rotations during walking were 
obtained from the documented cases of the Orthoload Database 
(https://orthoload.com/) and subsequently imposed on the 3D 
surface models [27, 29]. In patients with radiographical evidence 
of bony spur formation near the predicted path of the psoas ten-
don, the minimal distance between the tendon and the spur 
was calculated using the same k-nearest neighbour search. All 
computational analysis was performed using MATLAB software. 
Psoas tendon simulations are shown in Fig. 3.

R E S U LTS
A total of 386 PAO procedures were performed in our centre 
between January 2013 and January 2020 with a minimum 2-year 
post-operative follow-up. Thirteen patients with 18 hips (4.7%) 
with confirmed psoas tendinopathy, based on the response to 
local injection and exclusion of other contributory pathology, 
underwent additional CT imaging. All subjects included were 
female with an average age of 41.2 years.

The DEA model did not find any significant alteration in sim-
ulated psoas tendon movements during hip circumduction and 

walking in sagittal, coronal and axial planes when comparing the 
preoperative CT scan with the dynamics of the tendon after PAO.

All 3D surface models of the affected hips were inspected digi-
tally to determine possible bony malformations at the osteotomy 
site in those who presented with recurrent hip pain postopera-
tively. Five models showed no sign of malformation around the 
osteotomy sites and were considered to have healed properly. 
The remaining 13 postoperative models (72%) showed signs of 
moderate to severe malformation, primarily of the superior pubic 
osteotomy. These malformations were broadly categorized into 
three patterns: (I) bony spur, (II) hypertrophic callus or delayed 
union and (III) canyon-type malalignment. The most common 
of these malformations was the formation of spurs close to the 
osteotomy site which were near the expected path of the psoas 
tendon. The second type of malformation was a hypertrophic 
callus or delayed union type, where the two osteotomized bony 
fragments did not fully unite resulting in a broader and uneven 
superior pubic ramus near the predicted path of the psoas ten-
don. Finally, the third category was defined as a canyon-type 
malalignment, where the bony fragments united but did not 
remodel to form a smooth bony surface. Instead, there was ‘step’ 
in the superior pubic ramus following healing which most likely 
interfered with normal psoas tendon excursion. These three dif-
ferent categories are illustrated in Figs 4 and 5. Of the 13 hips 
with evidence of bony malformation, 4 (31%) were identified as 
primarily spur-type, 6 (46%) were primarily hypertrophic callus 
or delayed union-type and 3 (23%) were canyon-type malforma-
tions. In two cases of hypertrophic callus, there was also evidence 
of visible spur-formation.

The mean minimal distance of the psoas tendon to the 
osteotomy site of the superior pubic ramus during circumduc-
tion and gender-specific walking motion of the hip is shown in 
Table II. The mean minimal distance of the iliopsoas tendon 
to the osteotomy site was found to be 13.73 mm (𝜎 = 3.09) for 
spur type, 10.99 mm (𝜎 = 2.85) for hypertrophic callus/delayed 
union type and 11.91 mm (𝜎 = 2.55) for canyon type. In cases 
with normal bony healing (n = 5), a considerably larger mean 
minimal distance of 18.55 (𝜎 = 4.11) was noted. In cases with 

Fig. 3. Psoas tendon simulation post osteotomy during walking and hip circumduction.

https://orthoload.com/
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Fig. 4. Osteophyte formation (left) and hypertrophic callus/delayed union (right).

Fig. 5. Canyon-type malunion (left) compared to normal upper pubic arch (right).
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Table II. Minimal distance of iliopsoas tendon to osteotomy site 
(mm)

Spur type

Hypertrophic 
callus/delayed 
union type Canyon type

Normal bony 
healing

Mean (𝝈) Mean (𝝈) Mean (𝝈) Mean (𝝈)
N = 4 N = 6 N = 3 N = 5

13.73 
(3.09)

10.99 (2.85) 11.91 (2.55) 18.55 (4.11)

radiographical evidence of spur-formation (n = 6, pure spur 
type = 4, combined spur and hypertrophic callus = 2), the mean 
minimal distance of the psoas tendon to these spurs was found 
to be 6.24 mm (𝜎 = 1.88). The minimal distance of the iliop-
soas tendon to the osteotomy site in individual cases is shown in
Table III. 

D I S C U S S I O N
Our study is the first to report the anatomical relationship 
between the iliopsoas tendon and the superior pubic ramus 
osteotomy site to improve our understanding of the causes of 
recurrent or persistent groin pain following PAO surgery. PAO 
is a successful joint-preserving procedure in symptomatic HD 
with several authors reporting good long-term outcomes [12, 18, 
30–32]. Although failure rates in terms of early conversion to 
joint arthroplasty are low, patients do complain of pain and dis-
comfort which persist even following metalwork removal [33, 
34]. Some causes of these symptoms include delayed or non-
union, progressive damage to articular cartilage and irritation of 
surrounding soft tissues, most commonly the iliopsoas muscle 
and tendon [35]. Even though several studies report good long-
term outcome data following PAO, there is a paucity of literature 
reporting on iliopsoas issues post-PAO [12, 33]. We have tried 
to answer this question by objectively assessing the morphology 
of the pelvis using 3D reconstructions and simulate the psoas 
dynamics to understand this problem. We have found that sim-
ulated psoas tendon movement during hip circumduction and 
walking do not alter after PAO in any plane as compared with 
preoperative dynamics.

Evaluating the bony morphology showed three distinct types 
of malformations at the superior pubic osteotomy site. The prox-
imity of the iliopsoas muscle and tendon to the superior pubic 
osteotomy is of considerable importance. The iliopsoas muscle 
is retroperitoneal and crosses the pelvi brim over the superior 
pubic ramus before inserting into the lesser trochanter. The mus-
cle becomes a tendon after crossing the superior pubic ramus 
[36]. The iliopsoas tendon is formed mainly of the psoas major 
with some contribution from the iliacus [36]. The iliopsoas ten-
don is commonly involved in cases of HD due to irritation from 
the shallow acetabulum and in some cases concomitant increased 
femoral anteversion [6]. The iliopsoas tendon has an important 
role in stabilizing the femoral head in HD cases. We identi-
fied three distinct types of bony malformations: spur, hyper-
trophic callus or delayed union and canyon type. Specifically, the 
bony protrusions seen in spur-formation and hypertrophic callus 

could potentially affect the smooth excursion of the iliopsoas ten-
don. In certain postoperative cases, resulting iliopsoas tendinitis 
could explain the recurring groin pain incurred by these patients 
[5, 6].

In our series, 13 out of the 18 hips showed evidence of 
bony malformation. The majority of these were spurs and hyper-
trophic callus. In five hips, the osteotomy had healed normally 
without any evidence of bony malformation. We found that 
the distance between the iliopsoas tendon and the osteotomy 
site was significantly less (59–74% lesser) in those cases with 
bony malformations (spur type = 13.73 mm, hypertrophic cal-
lus = 10.99 mm versus normal = 18.55 mm) when compared to 
those with normal bony healing. The reduced distance may be 
secondary to a tight psoas tendon causing irritation around the 
osteotomy site and further pain. Furthermore, when evaluat-
ing the distance between the iliopsoas tendon and the spurs, 
we found that the mean minimal distance was further reduced 
to 6.24 mm (𝜎 = 1.88). This raises the possibility that poten-
tially the resultant spurs had a role in iliopsoas tendon irritation. 
However, our computational analysis predicted that in none of 
the cases the iliopsoas tendon came into direct contact with the 
bony malformations. Interestingly, the distance of the iliopsoas 
tendon to the malformations was considerably higher in cases 
with normal bone healing, which raises the question whether the 
iliopsoas tendon played a role in interfering with the bone heal-
ing or if the altered bone healing leads to iliopsoas issues. If the 
latter is true, then that can only be possible if the bony malfor-
mations indirectly interfered with psoas tendon movement by 
affecting surrounding soft tissues. Some authors have hypothe-
sized that the iliopsoas tendon near the superior pubic osteotomy 
might interfere with normal healing following PAO predisposing 
to bony malformations [21, 22]. Furthermore, the interfrag-
mentary strain between the two fragments varies depending on 
whether the patient is full or partial weight bearing in the imme-
diate post-operative period and also depends on the forces going 
through each fragment [37]. This would infer that the closer the 
muscle is to the fragment the force would possibly be higher. 
We could not find any article specifically mentioning about the 
muscle forces at the osteotomy site and healing. Hopefully, the 
current pilot study will form the basis of further research to 
enhance understanding in this field.

L I M I TAT I O N S
This study has several limitations that need to be discussed. 
The first is a limited sample size of 13 patients totalling 
18 osteotomies with unresolved psoas tendinopathy. Making 
assumptions based on this relatively sparse data set is there-
fore difficult. This is further accentuated by the fact that all 
included subjects were female. Interestingly we did not note any 
male patient with persistent psoas tendinopathy after PAO in 
our series. Secondly, we have not been able to compare the CT 
scan findings with a cohort of asymptomatic patients as we do 
not routinely perform a post-operative CT scan unless indicated 
to avoid unnecessary radiation exposure. Thirdly, these cases 
spanned a period of around 8 years including the learning curve 
of the senior author (A.M.) who performed all cases of PAO. It 
is possible that during this time, modifications to the operating 
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Table III. Individual measurements of minimal distance of iliopsoas tendon to spurs and osteotomy site (mm) (NA - not applicable)

Case PAO side Comments Distance to spur Distance to osteotomy

1 R Spur 4.63 18.07
L Non-operated hip NA NA

2 R Spur 4.94 14.58
L Canyon type NA 8.31

3 R Hypertrophic callus/non-union 4.87 10.23
L Non-operated hip NA NA

4 R Normal healing NA 23.29
L Non-operated hip NA NA

5 R Hypertrophic callus/non-union NA 14.25
L Spur 9.92 12.71

6 R Normal healing NA 20.09
L Canyon type NA 13.74

7 R Non-operated hip NA NA
L Normal healing NA 11.44

8 R Normal healing NA 16.86
L Non-operated hip NA NA

9 R Non-operated hip NA NA
L Normal healing NA 21.06

10 R Non-operated hip NA NA
L Hypertrophic callus/non-union NA 11.86

11 R Hypertrophic callus/non-union NA 7.75
L Non-operated hip NA NA

12 R Hypertrophic callus/non-union 7.31 7.31
L Hypertrophic callus/non-union NA 14.54

13 R Spur 5.74 9.54
L Canyon type NA 13.68

technique were made to lower the risk for potential postoperative 
soft tissue complications.

Recurrent hip pain following PAO is a challenging problem 
even for an experienced surgeon [11]. Some authors have per-
formed diagnostic hip arthroscopy to determine a possible intra-
articular cause with high numbers of intra-articular lesions iden-
tified in these patients [11, 35]. However, establishing a defini-
tive link between the intra-articular pathology and the groin 
pain has been difficult. Selective intra-articular hip injections 
may help differentiate intra-articular causes of pain from extra-
articular causes and guide treatment strategies [12].

CO N C LU S I O N
Recurrent groin pain following PAO is a difficult problem. Eval-
uating the iliopsoas tendon as a cause of postoperative pain 
may prove difficult. The use of CT scan can help identify any 
bony malformations which could potentially be the cause of 
this problem. Dynamic ultrasound visualization of the psoas 
tendon might provide valuable information in addition to clin-
ical assessment and allow for targeted injection to this area. 
In this study, using computational modelling techniques, we 
have demonstrated that the psoas tendon trajectory is altered in 
patients with psoas-related pain after a PAO. The mean distance 
between the iliopsoas tendon and the osteotomy site was signif-
icantly lower in patients with psoas-related pain when compared 
to those patients who underwent good bone re-modelling of the 
osteotomy site. We have proposed three different types of mal-
formations at the superior pubic osteotomy site which have a 
potential to impeding normal tendon function following PAO. 

Further large-scale prospective studies are warranted to further 
investigate the soft tissue complications following PAO surgery, 
as well as to provide effective treatment strategies.
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