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Abstract

Background: Femoroacetabular impingement (FAI) is a leading cause of hip pain in young 

adults and often leads to degenerative osteoarthritis (OA). A small animal model of hip deformities 

is crucial for unraveling the pathophysiology of hip OA secondary to FAI.

Purposes: To (1) characterize a new minimally invasive surgical technique to create a proximal 

femoral head-neck deformity in a skeletally immature rabbit model and (2) document the effect of 

an injury to the medial proximal femoral epiphysis on head-neck morphology at 28 days after the 

injury.

Study Design: Controlled laboratory study.

Methods: Six-week-old New Zealand White rabbits (n = 10) were subjected to right hip 

surgery, with the left hip used as a control. An epiphyseal injury in the medial femoral head 

was created using a 1.6-mm drill. Hips were harvested bilaterally at 28 days after surgery. Alpha 

and epiphyseal shaft angles were measured on radiographs. Alpha angles at the 1- and 3-o’clock 

positions were measured on the oblique axial plane of micro–computed tomography images. Bone 
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bar formation secondary to growth plate injuries was confirmed using alcian blue hematoxylin 

staining.

Results: All hips in the study group showed a varus-type head-neck deformity, with lower 

epiphyseal shaft angles on anteroposterior radiographs versus those in the control group (133° ± 8° 

vs 142° ± 5°, respectively; P = .022) and higher epiphyseal shaft angles on lateral radiographs (27° 

± 12° vs 10° ± 7°, respectively; P < .001). The mean alpha angles in the study group were higher 

at both the 1- (103° ± 14° vs 46° ± 7°, respectively; P < .002) and 3-o’clock (99° ± 18° vs 35° 

± 11°, respectively; P < .002) positions than those in the control group. Alcian blue hematoxylin 

staining of all hips in the study group indicated that the injured physis developed a bony bar, 

leading to growth plate arrest on the medial femoral head.

Conclusion: The proposed model led to growth arrest at the proximal femoral physis, resulting 

in a femoral head-neck deformity similar to human FAI.

Clinical Relevance: Our novel small animal model of a femoral head-neck deformity is a 

potential platform for research into the basic mechanisms of FAI disease progression and the 

development of disease-modifying therapies.
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Femoroacetabular impingement (FAI) has been established as an important cause of hip 

osteoarthritis (OA).7 Today, FAI is recognized as a leading cause of hip pain in younger 

adults as well as degenerative arthritis in the hip.4 The estimated prevalence of FAI has 

varied between 10% and 25% in the population.13 Detailed characterizations of abnormal 

bone morphology, intra-articular disease, and clinical risks for the disease progression of 

FAI have been extensively reported.14,16,18,20,33 Recent molecular analyses identified an 

inflammatory cascade in FAI using cartilage samples from the impingement zone of the 

hip in patients undergoing surgical treatment for symptomatic FAI, suggesting that the 

impingement area is metabolically active and a potential structural precursor to hip OA.8,9 

However, the basic biological mechanisms of disease in FAI remain unknown.

Animal models can serve as platforms to study the mechanism of disease and the efficacy 

of potential treatment options. To date, there have been limited animal models of hip OA 

secondary to FAI. Recently, an article published by Killian et al15 reported on a murine 

model of hip instability. Up to now, there has been only 1 reported large animal model 

of experimentally induced hip FAI in sheep28,34 in which a deformity was created via 

intertrochanteric varus osteotomy. Large animal models are attractive, but they are expensive 

and not as widely available as small animal models. Human patterns of proximal femoral 

deformities have been reported,29 showing that the resulting head deformity depends 

specifically on the location of the femoral head epiphyseal injury. Asymmetric epiphyseal 

closure due to unequal loading during intense physical activity has been shown to result in 

angular deformities of the femoral head-neck junction in adolescent athletes.1,5 Additionally, 

a previous article regarding epiphysiodesis of the femoral head growth plate reported that 

partial medial epiphysiodesis results in medial physis growth arrest but allows normal 

lateral growth of the longitudinal growth plate, eventually tilting the femoral head to 
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varus.29 Therefore, one plausible approach to creating a head-neck deformity similar to 

that observed in cam-type FAI is to intentionally create an injury to the medial third of the 

proximal femoral epiphysis of an immature hip. One of the indicators used in evaluating 

deformities at the femoral head-neck junction is the alpha angle: an alpha angle of >55° 

is considered indicative of cam-type FAI.11,19 Another indicator is the Southwick angle,31 

which is clinically used for the assessment of a slipped capital femoral epiphysis. This 

angle can be used to evaluate the tilt of the femoral head relative to the femoral shaft.21,25 

Recent 3-dimensional imaging studies have measured the alpha angle in the oblique axial 

plane using a clockface system to identify morphological abnormalities of the femoral neck 

and acetabulum on computed tomography (CT) or magnetic resonance imaging scans of 

the proximal femur.22,23 A cam-type deformity is most noticeable at the 1- to 3-o’clock 

positions corresponding to the anterosuperior region of the femoral head-neck junction.22,23 

Thus, the oblique axial view using a clockface produces useful morphological information 

beyond that offered by radiography.

The purposes of the current study were to (1) characterize a new minimally invasive surgical 

technique to create a proximal femoral head-neck deformity in a skeletally immature rabbit 

model and (2) document the effect of an injury to the medial proximal femoral epiphysis on 

head-neck morphology in the oblique axial plane of CT images at 28 days after the injury. 

We hypothesized that an intentional injury to the proximal femoral physis of immature 

hips would result in a bone bridge or asymmetric growth arrest and a secondary cam-type 

deformity at the femoral head-neck junction.

METHODS

Animal Model

We used 6-week-old immature New Zealand White rabbits. A total of 10 rabbits were 

used and subjected to right hip surgery. The contralateral left hip was used as a control 

(nonsurgical). Baseline radiography was performed before surgery, and postoperative 

radiography was conducted at 28 days in euthanized rabbits. This study received approval 

from the hospital and university Institutional Animal Care and Use Committee (#20190071). 

The study design is summarized in Figure 1.

Surgical Procedure

The 6-week-old immature New Zealand White rabbits were anesthetized via an 

intramuscular injection of ketamine (35 mg/kg) and xylazine (5 mg/kg), followed by 

isoflurane inhalation (3%–5% isoflurane; 2–3 minutes for induction and then maintained at 

1.5%–3% via a nose cone). The following analgesics were given at induction: 0.05 mg/kg of 

buprenorphine subcutaneously and 0.3 mg/kg of meloxicam subcutaneously. Anesthesia was 

administered under veterinary supervision by an anesthetic technician. After the induction of 

general anesthesia, anteroposterior (AP) pelvis and frog lateral radiographs were taken with 

rabbits on the operating table in the supine position immediately before surgery.

The site of surgery was shaved, prepared, and draped in a standard sterile fashion, ensuring 

that the proximal thigh was exposed in the field. A 4-cm straight incision was made on the 
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lateral aspect of the right hip joint and carried through the subcutaneous tissue. The lateral 

fascia was cut, and the tensor fasciae latae muscle and gluteus muscle were retracted. The 

hip capsule was identified, and T-shaped capsulotomy was performed. After capsulotomy 

was performed, hip traction was applied by pulling the lower extremity to distract the 

joint, allowing full exposure of the femoral head (Figure 2A). After the femoral epiphysis 

was identified, the femoral head was measured using a ruler, and the medial third of the 

epiphysis was marked using a marking pen. A 3 × 2 × 6–mm defect in the epiphysis was 

created via drilling using a 1.6-mm drill bit (Figure 2B). To attain the proper depth, we 

attached a stopper at 6 mm from the tip of the drill. The intraoperative location of the 

epiphyseal injury was successfully identified by measuring the size of the femoral head from 

medial to lateral and then finding the medial third. To achieve an appropriate drill direction, 

we held the rotary tool at a proper angle of 30° with respect to the femoral diaphysis. 

After the hip joint was irrigated profusely, the capsule, fasciae, and skin were closed using 

sutures in separate layers. To confirm that there was no postoperative residual instability, we 

conducted a manual test, taking the hip through extreme ranges of motion and performing 

distraction of the hip joint. The injury model is shown in Figure 3.

After the procedure, the animals underwent AP pelvis radiography to confirm the presence 

of a bony defect at the injury site. Animals were then allowed to bear weight as tolerated. 

The protocol (with modification) is based on the femoral head osteonecrosis model reported 

by Tudisco et al.32 The contralateral left hip did not undergo any intervention and served as 

a control. At 28 days after surgery, the animals were euthanized, and both hips underwent 

radiography and were harvested.

Radiographic Assessment of Head-Neck Deformity

Radiographically, the Southwick and alpha angles were used to assess the head-neck 

deformity. The Southwick angle is used to measure the epiphyseal shaft angle and 

was assessed on both AP pelvis and frog lateral radiographs as previously described 

(preoperatively and 28 days after surgery)21,31 (Figure 4). To assess the varus tilt of the 

injured femoral head, we calculated the difference in the epiphyseal shaft angle in the AP 

pelvis view between the control and study hips (“value in control hip” minus “value in 

study hip”),21 and considered a positive value to indicate varus tilt of the femoral head. The 

alpha angle was also measured, as described by Nötzli et al,19 on AP pelvis and frog lateral 

radiographs.

Micro-CT

All hips (n = 20) were scanned using a vivaCT 40 micro-CT scanner (70 kVp, 114 

μA, 100-millisecond integration time, 30-μm resolution; Scanco Medical) for analysis 

of the deformity of the femoral head and the bony structure, including the epiphyseal 

line or physis. The deformity of the femoral head was assessed by measuring the alpha 

angle according to previous reports.3,23 Multiplanar reformation (MPR) was carried out to 

generate oblique axial and oblique sagittal plane images, parallel and perpendicular to the 

long axis of the femoral neck, respectively. Radial MPR images were constructed with the 

axis of rotation as the center of the femoral neck while cross-referencing to the oblique 

sagittal plane, showing the femoral neck in the short axis. The most superior point of the 
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femoral head-neck junction was defined as 12 o’clock using clockface nomenclature (Figure 

5A). Acquired MPR images were analyzed using ImageJ software (National Institutes of 

Health), and the alpha angles were measured in the oblique axial plane at the 1- (Figure 

5B) and 3-o’clock positions (Figure 5C), representing the anterolateral and direct anterior 

positions, respectively.

Histology

Both hips were fixed in 10% neutral buffered formalin for 24 to 48 hours, dehydrated, 

embedded in paraffin wax, and sectioned (5 μm). Deparaffinized coronal sections 

of the femoral head were stained with alcian blue hematoxylin and orange G/eosin 

counterstaining,26 which stains cartilage tissue blue, bone tissue bright orange, fibrous tissue 

pink, and hematopoietic/marrow tissue dark purple, to analyze histological features of the 

femoral epiphysis and bone bridge formation.

Statistical Analysis

High intraobserver and interobserver reliability of the epiphyseal shaft angle on radiographic 

analysis of the slipped capital femoral epiphysis in humans have previously been reported.10 

Additionally, we calculated intraclass and interclass correlation coefficients, finding good 

reliability between readers. All measurements were performed twice by one examiner and 

once by another examiner. All values are presented as mean ± standard deviation. Data 

analysis was conducted using JMP 14 (SAS Institute). The Wilcoxon signed rank test was 

used to compare quantitative variables between the study and control groups. P < .05 

indicated statistically significant differences. An a priori power calculation for the Wilcoxon 

signed rank test with paired samples was performed using G*Power 3.6 To detect an effect 

size of 1.0 with a 2-tailed alpha level of .05 and beta of 0.2, the estimated sample size was 

10 rabbits (20 hips).

RESULTS

Representative micro-CT and histological images of the femoral head are shown in Figure 

6. At 28 days after the injury, medial epiphyseal closure with an anteromedial femoral head 

prominence in the study group was observed in all rabbits (10/10; 100%) (Figure 6, A and 

B), whereas the femoral heads of all rabbits in the control group showed an intact epiphyseal 

line without a secondary femoral head deformity (Figure 6, C and D). On histological 

examination using alcian blue hematoxylin staining, the physeal injury was apparent with 

the epiphyseal bone extending through the physeal line and into the metaphyseal bone in all 

hips of the study group. Injured physes had a dense bony bar at the injury site and resulted 

in growth plate disruption with closure of the epiphyseal line on the medial aspect of the 

femoral head (Figure 6, E and F). In contrast, there was no evidence of physeal arrest, 

and intact continuous physeal cartilage was observed in all specimens of the control group 

(Figure 6, G and H).

Radiographic Assessment of Head-Neck Deformity

Radiographic results are summarized in Table 1. Radiographs taken at 28 days after the 

injury demonstrated that hips in the study group (right hips) had a varus tilt and an 
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anteromedial prominence of the femoral head. The study group, compared with the control 

group, showed a varus tilt of the femoral head with a lower epiphyseal shaft angle on 

the AP radiographic view (difference, 9.3° ± 4.9° [range, 3.4° -15.8°]; P = .022) and 

confirmed asphericity of the femoral head with a higher alpha angle (P < .001) (Figure 7A). 

Additionally, an anterior protrusion of the femoral head with a higher epiphyseal shaft angle 

was evident on the lateral radiographic view (P < .001) (Figure 7B).

Assessment of Head-Neck Deformity Using Micro-CT

Using Micro-CT, we confirmed a cam-type deformity in the injured femoral head (study 

group), with higher alpha angles than those in control hips in the oblique axial plane at the 

1-and 3-o’clock positions (P = .002) (Table 2). On representative 3-dimensional micro-CT 

images, we confirmed that the injured femoral head resulted in a varus tilt of the femoral 

head with an aspherical anteromedial and anterolateral surface (Figure 7C).

DISCUSSION

Hip FAI continues to have a major role in the development of hip OA.24 Since 

the FAI concept was refined by Ganz and colleagues,7 tremendous advances in the 

characterization of abnormal bone morphology, intra-articular disease, and clinical risks for 

disease progression have been reported.14,16,18,20,33 In addition to the discovery of human 

pathological pathways of hip OA, developing a small animal model of hip deformities is 

crucial for unraveling the complex pathophysiology of hip OA and testing the efficacy of 

potential therapeutic interventions.

Our proposed novel animal model achieved a bony bridge and/or growth arrest at the 

proximal femoral physis and led to a head-neck deformity at the anteromedial aspect of the 

femoral head and a secondary deformity at the anterosuperior aspect of the femoral head, 

similar to that observed in human hip FAI. To our knowledge, the only animal model of 

hip FAI that has been reported is in large mature sheep by performing extra-articular varus 

closing wedge hip osteotomy.28 Our proposed model differs from this previously described 

animal model. First, our model utilizes an immature skeleton and directly injures the open 

physis, resulting in a bone bridge. We believe that this better re-creates the physiopathology 

of a hip cam FAI deformity. Previously, it has been shown that a head-neck deformity 

with cam FAI morphology develops during the growth period in adolescent athletes,1,27 

secondary to asymmetric closure of the capital femoral epiphysis because of unequal loading 

during intense physical activity.5 Moreover, a young in vitro porcine animal model has 

been used to investigate the effect of cyclic loading on the immature femoral head.12 The 

authors confirmed that chronic vertical loading on the young porcine proximal femur results 

in microscopic injuries to the physeal plate.12 Interestingly, their histological findings were 

similar to ours, with a physeal injury running perpendicular to the physeal line. Furthermore, 

our model utilizes a small animal, which is advantageous because it is a widely used breed, 

has a short life cycle, and is economical compared with the expenses associated with large 

animals.17

The bone deformity was confirmed radiographically and on micro-CT images. Varus tilt of 

the femoral head and asphericity at the anterosuperior aspect of the femoral head-neck area 
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developed, and they were similar to those observed in cam FAI morphology. Although we 

have not yet confirmed that this induced head-neck deformity will result in a macroscopic 

damage pattern similar to that observed in hip FAI, we believe that with an additional 

longer follow-up, we would observe a typical pattern of intra-articular lesions.20 In a 

previous study, experimentally induced cam impingement in sheep34 via intertrochanteric 

varus osteotomy resulted in a cam-type deformity of the femoral head. The authors showed 

that contrary to in humans, impingement occurred at the posterosuperior aspect of the 

acetabulum. The difference in location is explained by the upright walking pattern in humans 

as opposed to the quadrupedal motion pattern in sheep.34 We believe that in a rabbit 

model, induced FAI impingement will result in a similar pattern of intra-articular disease 

as observed in sheep. A future long-term follow-up is needed to confirm the intra-articular 

pattern of disease.

Our animal model had a number of limitations. First, the animals were euthanized at 28 

days; thus, we could not assess for intra-articular lesions and the progression to OA that 

may occur with time. However, our aim, in this first phase of the experiment, was to 

characterize the head-neck deformity resulting from a physeal injury. In the near future, we 

will proceed with a longer follow-up analysis to assess the progression of intra-articular 

disease. We expect that as the rabbits continue to grow, the deformity will progress in 

severity, and secondary intra-articular damage with a progression to OA will be evident. 

Second, our report was based on an observational approach only. We did not provide 

information about joint mechanics or contact stress magnitudes that could confirm that this 

deformity impinges on the acetabulum. In the future, when the animals are kept longer, 

we will be able to predict the zone of conflict between the abnormal head-neck junction 

and acetabulum using a simulated computer-based range of motion. Third, the injury model 

involved opening the capsule and creating an intra-articular injury. This model may produce 

a direct inflammatory or humoral factor response that may arise from the synovium after 

intra-articular penetration. We acknowledge that this acute inflammation due to surgical 

invasion may not mimic human FAI. However, we believe that this acute inflammation 

should significantly calm down at 2 weeks after the procedure. A previous article on an 

experimentally induced OA animal model reported that initial inflammation due to surgical 

damage went down by 2 weeks after surgery.30 Additionally, there have been multiple 

previously accepted models of OA that involved intra-articular approaches.2,30

This study presents a novel rabbit model of hip FAI. The proposed model led to growth 

arrest at the proximal femoral physis, resulting in a femoral head-neck deformity similar 

to human FAI. Further studies will be needed to confirm if this model could be a potential 

platform for further research into hip FAI disease progression and testing the efficacy of 

therapeutic interventions.
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Figure 1. 
Study design. CT, computed tomography.
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Figure 2. 
Surgical steps for a femoral epiphyseal injury in an immature rabbit. (A) The femoral 

epiphysis is identified after T-shaped capsulotomy. (B) An epiphyseal injury is created using 

a 1.6-mm drill bit.
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Figure 3. 
Injury model. (A) The right hip before an epiphyseal injury. (B) An epiphyseal injury is 

created using a 1.6-mm drill bit through the anteromedial aspect of the medial third of the 

femoral head at an angle of 30° with respect to the femoral diaphysis. (C) Damage to the 

femoral epiphysis results in a deformity of the femoral head at 28 days after surgery.
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Figure 4. 
Methodology used to measure the Southwick and alpha angles on anteroposterior (AP) 

pelvis and frog lateral radiographs. The position of the rabbit when the radiographs were 

taken is shown on the right.
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Figure 5. 
Measurement of the alpha angle. (A) Multiplanar reformation was used to generate oblique 

axial plane images with a cross-reference to the oblique sagittal plane, showing the femoral 

neck in the short axis. The most superior point of the femoral head-neck junction was 

defined as 12 o’clock using clockface nomenclature. The alpha angle was measured between 

the femoral neck shaft axis and a line drawn from the femoral head center to the point where 

the head extended beyond the margin of the best-fit circle at the (B) 1- and (C) 3-o’clock 

positions.
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Figure 6. 
(A-D) Micro–computed tomography (μ-CT) images and (E-H) alcian blue hematoxylin 

(ABH) staining of the femoral head in the (A, B, E, F) study group and (C, D, G, H) control 

group. A bone bridge (white arrowhead) extending from the epiphyseal bone (black arrow) 

through the physeal line (black arrowhead) and into the metaphyseal bone (white arrow) is 

seen. AP, anteroposterior.
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Figure 7. 
A head-neck deformity on (A) anteroposterior pelvis and (B) frog lateral radiographs with 

the epiphyseal shaft angle. (C) A 3-dimensional reconstruction section on micro–computed 

tomography images showing the 1- and 3-o’clock positions of the femoral head-neck 

junction.
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