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Luxation poses a significant challenge after canine 
total hip replacement (THR) because it is common 

and debilitating. The reported incidence in the litera-
ture ranges from 1.8% to 12%.1–3 Several risk factors 
for luxation have been identified, including preoper-
ative hip joint luxation,3 suboptimal cup position,2,4,5 
and anatomic or prosthetic impingement.6 In human 
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THR, the concept of the implant safe zone, defined as 
the angles of cup anteversion and cup inclination that 
minimize the likelihood of luxation, was introduced 
in 1978.7 The definition of the implant safe zone has 
evolved to include an appropriate implant design and 
orientation for regular and undisturbed joint function 
without impingement.8–12 Prosthetic impingement 
has been identified in 39% to 51% of retrieved THR 
implants in human patients.13,14 Prosthetic impinge-
ment can lead to subluxation or luxation, accelerated 
implant wear, and poor postoperative function.15,16 
Risk factors for prosthetic impingement in human 
THR include extended femoral head flanges, a low 

Objective
To evaluate the effects of changes in prosthetic cup inclination on impingement-free hip abduction, adduction, and 
internal and external rotation after simulated total hip replacement in dogs.

Methods
For 6 dogs, CT scans of the hip region were used to prepare 3-D surface models of cementless total hip replace-
ment. For each dog, 15 models with cup inclination ranging from −35° to 35° in 5° increments were prepared using 
computer-aided design software. For each implant position, impingement-free hip motion in abduction, adduction, 
and internal and external rotation was evaluated using a custom-built computer program for hip flexion/extension 
angles ranging from 50° to 160° in 5° increments.

Results
A total of 7,920 computer simulations were conducted. Increased cup inclination led to decreased impingement-
free abduction in hip extension and increased abduction in hip flexion. Decreased cup inclination led to decreased 
abduction at all hip angles. Maximal inclination led to increased external rotation in full hip extension, and maximal 
declination led to increased internal rotation and adduction in full hip flexion.

Conclusions
During total hip replacement, changes in cup inclination influence hip abduction and, to a lesser extent, internal rotation 
and adduction in flexion and external rotation in extension. The assessment of intraoperative impingement should include 
abduction, extension combined with external rotation, and flexion combined with adduction and internal rotation.

Clinical Relevance
The inclination of a truncated cup influences impingement-free abduction. Inclination should be controlled during 
cup insertion to keep the prosthetic neck in the central portion of the cup truncation during abduction.
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ratio of head diameter to neck diameter,13,17 elevated 
cup rims,18 and excessive cup anteversion.14,18 In 
silico methods, such as finite element analysis and 
computer-aided design (CAD) modeling, have been 
used to assess the impingement-free motion of vari-
ous implant designs and orientations.11,16,19 Modeling 
with CAD has also been used to assess the prosthetic 
motion of a canine THR system.20

During cup insertion, the angle of lateral opening 
(ALO), version, and inclination must be controlled.21 
Some acetabular cups have been designed with 
dorsal truncation to match the acetabular anatomy 
and improve impingement-free abduction.22 While 
inclination is not relevant for hemispheric cups, it is 
relevant for cups with dorsal truncation. Cup orien-
tation is determined by properly aligning the impac-
tion axis with the cup alignment guide.23 However, 
cup rotation around the impaction axis may not be 
controlled by the cup alignment guide. As a conse-
quence, inadvertent cup rotation and malalignment 
toward cup inclination or declination can occur dur-
ing cup insertion. While increased ALOs and retro-
version have been identified as potential risk factors 
for postoperative luxation,2,4,5 little is known about 
the effects of changes in cup inclination on the 
impingement-free motion of canine prosthetic hip 
joints with truncated cups.

The research presented here used CAD modeling 
to evaluate impingement-free hip motion following 
simulated THR in a group of dogs with hip dysplasia. 
The in silico effects of cup inclination and declination 
on postoperative impingement-free hip motion were 
assessed. The hypotheses were that cup rotation 
around its axis of impaction would alter measured 
cup inclination and truncated face version and that 
cup rotation would lead to a loss of impingement-
free adduction, abduction, internal rotation, and 
external rotation of the hip joint.

Methods
Sampling

The medical records of dogs presented to the 
University of California, Davis from January 1, 2023, 
through July 1, 2023, were searched electronically to 
identify canine patients who had undergone CT scan-
ning for surgical planning before THR surgery. Dogs 
were eligible for inclusion if their body weight ranged 
from 30 to 45 kg at the time of evaluation because 
these dogs had identical prosthetic neck and head 
sizes. Dogs were excluded if new bone formation 
obscured the cranial or caudal acetabular margins or 
if the proximal portion of the femur was deformed. 
Femoral deformity was defined as a neck-shaft angle 
< 140° or > 150°, femoral anteversion < 15° or > 35°, 
or severe (grade III or IV) trochanteric overhang.24–26

Computer-aided design virtual THR
Computed tomography images were obtained 

using a helical scanner (GE LightSpeed; GE) under 
IV sedation with dexmedetomidine combined with 
butorphanol. A 3-D surface model of the pelvis and 
femur was created using CAD software (Mimics, 
version 26.0; Materialise).27

Computer-simulated cup and stem implantation 
were performed in the right hemipelvis according to 
implantation guidelines.23 Simulations were performed 
by 2 investigators with experience in total hip replace-
ment and CAD (PYC and DML) who reached consen-
sus regarding final implant positions. For prosthetic 
cup implantation, the cup that fit the acetabular mar-
gins was maximally medialized without penetrating 
the medial acetabular wall. The cup was oriented so 
that its ALO, retroversion, and inclination matched the 
anatomy.27 For femoral stem implantation, stem size 
was selected as the largest implant that fit the proximal 
part of the femur at its recommended position with-
out endosteal contact.23 The stem was coaxial with the 
centerline of the femoral canal in the proximal half of 
the femur. Femoral stem anteversion matched the nat-
ural femoral anteversion by fitting the prosthetic head 
to the femoral head in the transverse plane.23

To simulate intraoperative cup malposition, mul-
tiple cup orientations were set by rotating the cup 
around its axis of impaction (ie, the central axis per-
pendicular to the open cup face). With anatomic 
cup position defined as 0°, the cup was rotated 
from −35° to +35° in 5° increments, for a total of 
15 cup positions for each dog (Figure 1). A positive 
inclination value indicated a more inclined position 
(counterclockwise rotation of the cup in the right 
hemipelvis), and a negative inclination value indi-
cated a more declined position. Pelves with cups 
implanted at each rotation angle and the femur 
with an implanted stem were exported as surface 
tessellation stereolithography files for analysis.

Bone-embedded anatomical coordinate 
systems and measurement of cup position

All virtual THRs, cup angle adjustments, and ana-
tomic coordinate systems were created using medi-
cal CAD planning software (3-matic, version 18.0; 
Materialise). Pelvic and femoral Cartesian anatomic 
coordinate systems (ACS) were created (Figure 2). 
Cup position was measured after virtual THR and after 
each cup rotation using the pelvic ACS (Figure 3).

Range-of-motion analysis
Impingement-free prosthetic hip joint motion 

was calculated for all simulation models using a 
custom computer software program generated 
with a commercially available simulation software 
(MATLAB; MathWorks Inc). Range-of-motion (ROM) 
analysis was formulated as a root-searching prob-
lem, with a zero-crossing point indicating the maxi-
mal hip angle. The problem formulation employed 
Boolean logic, in which the Boolean value was 
determined by assessing the occurrence of colli-
sions between the acetabular and femoral com-
ponents using a point-in-polyhedron test.20,28 The 
bisection method was applied to solve this prob-
lem, with the termination set at a hip angle change 
of 0.1°. The allowable ROM of the THR was deter-
mined as the maximal angle of abduction/adduction 
and internal/external rotations of the femoral com-
ponent within the acetabular component,20,29 mea-
sured at 5° increments at hip joint angles ranging 
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from 50° to 160°, without constraints or limitations 
from bony structures. Regional soft tissues were not 
included in the assessment. The point of collision 
was documented for each point-in-polyhedron test.

Statistical analysis
The distribution of measured cup orientation and 

impingement-free joint angles was examined for nor-
mality using the Shapiro-Wilk and Anderson-Darling 
tests, respectively. Relationships between cup rota-
tion and measured inclination, anteversion, and ALO 
were examined using general regression analysis for 
normally distributed data. Spearman rank correlation 
was used for non-normally distributed data.

To evaluate the effect of acetabular cup rotation 
on hip ROM after THR surgery, a mixed-model anal-
ysis was employed with cup rotation, hip flexion/
extension, and their interaction as fixed effects. 
Measurements of hip internal rotation, external rota-
tion, abduction, and adduction served as the depen-
dent variables. Repeated measures and subject 
variability were accounted for by including individ-
ual dogs as a random effect. The significance of main 
effects and interactions was assessed using F tests. 
Fixed-effect parameter estimates were evaluated to 
determine whether cup rotation had a significant 
effect on ROM angle at each hip flexion/extension 
angle, with a P value threshold of .05 indicating 

Figure 1—Rendering images showing a representative simulated right total hip replacement with varying cup 
inclinations. When the cup had anatomic (0°) inclination (A), the sites of impingements in abduction (purple dots), 
adduction (orange dots), internal rotation (green dots), and external rotation (blue dots) were evenly distributed 
around the cup (B). When the cup was maximally inclined (+35°), the external rotation contact points shifted 
caudally and dorsally onto the truncated cup face (C). When the cup was maximally declined (−35°), the abduction 
contact points shifted caudally and ventrally on the truncated cup face, and the internal rotation contact points 
shifted cranially and dorsally on the open cup face and onto the truncated cup face (D). These contact point shifts 
were responsible for changes in impingement-free hip motion.
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statistical significance. Post hoc analysis was per-
formed to examine differences in impingement-free 
hip motion among cup positions using pairwise 
Dunnett null hypothesis tests and to determine 
whether these differences were > 5° using equiva-
lence tests. The ROM at the anatomic cup position 
(cup rotation = 0°) was defined as a reference. After 
applying a Bonferroni correction, statistical signifi-
cance for pairwise tests was P < .0035.

Results
During the study period, 26 dogs underwent CT 

and CAD-based virtual THR planning. Twelve dogs 
were excluded due to severe new bone formation 
(n = 7) or abnormal femoral anatomy (n = 5). Eight 
dogs were excluded due to weighing < 30 kg or  
> 45 kg. Six dogs remained, 1 each of the following 
breeds: Bernese Mountain Dog, Malinois, German 
Shepherd Dog, Golden Retriever, Labrador Retriever, 
and Rottweiler. Median body weight was 34.5 kg 
(range, 30.0 to 45.0 kg). Acetabular cup sizes were 
24 mm (3), 26 mm (2), or 28 mm (1), and femoral stem 
sizes were #7 (2), #8 (1), or #9 (3). Prosthetic heads 
with a diameter of 17 mm and a neck length of +0 
were fitted to the femoral stems. Testing 4 directions 
of hip motion at 22 hip flexion/extension angles, with 
15 cup inclination positions for 6 virtual prosthetic 
hip joints, yielded 90 measurements of cup inclina-
tion, version, and ALO and 7,920 CAD simulations.

The median measured inclination, version, and 
ALO after simulated THR with anatomic cup placement 
were −32.0° (range, −36.3° to −20.9°), 6.1° (range, 
2.93° to 10.1°), and 49.8° (range, 46.8° to 56.2°) and 
after all simulated cup rotations were −30.4° (range, 
−61.2° to −7.1°), 6.4° (range, −40.0° to 33.2°), and 
49.8° (range, 46.8° to 56.2°), respectively. Measured 
inclinations were normally distributed, whereas mea-
sured ALO and version were not normally distributed. 
Cup rotation and measured inclination (R = 0.98; 
P < .001) and cup rotation and anteversion (ρ = 0.98; 
P < .001) were correlated, but cup rotation and ALO 
were not correlated (ρ = 0.00; P = 1.000).

Impingement-free abduction, adduction, and 
internal and external rotation measurements did not 
follow a normal distribution. The sites of impinge-
ment (neck-cup contact points) included the trun-
cated (abduction) and open (adduction and internal 
and external rotation) cup faces. These sites varied 
based on changes in cup inclination (Figure 1).

Abduction angle
Both cup rotation and hip flexion/extension 

angle influenced the hip abduction angle with inter-
action (P < .001; Table 1). Cup rotation had a clear 
impact on the impingement-free abduction ROM at 
all hip joint flexion/extension angles except at 110° 
(P = .852). At low hip angles, cup rotation had a 
strong positive effect on hip abduction; that positive 
effect gradually decreased as hip angles increased 
and became negative at high hip angles (Figure 4). 
The largest mean ± SD abduction was 117.1° ± 4.4°, 
with the hip flexion/extension at 50° and the cup 
at +35°. The smallest mean abduction was 68.9° ± 
3.7°, with the hip flexion/extension at 160° and the 
cup at +35°. Compared with anatomic cup place-
ment, all cup rotations at all hip flexion angles led 
to differences in abduction angle over 5°, except the 
+5° cup with the hip at 55° (P = .002), 60° (P = .003), 
65° (P < .001), 70° (P = .002), and 75° (P = .002); the 
+25° cup with the hip at 105° (P = .002); the +30° 
cup with the hip at 100° (P < .001); the +35° cup with 
the hip at 95° (P < .001); the −5° cup with the hip at 

Figure 2—To create the computer rendering of the 
simulated total hip replacement, anatomic coordinate 
systems (ACS) of the pelvis (A) and the femur (B) 
were created. For the pelvic ACS (A), the dorsal pelvic 
plane was defined as the plane containing the left and 
right ischiatic tuberosity and the right tuber sacrale.27,37 
The dorsoventral Y-axis was the vector perpendicular to 
the dorsal pelvic plane, directed dorsally. The mediolat-
eral axis (Z-axis) was the line connecting the ischiatic 
tuberosities, directed to the right. The craniocaudal axis 
(X-axis) was the line perpendicular to the Y- and Z-axes, 
directed cranially. For the femoral ACS (B), the femoral 
plane was defined as the plane intersecting the medial 
and lateral epicondyles and the distal aspect of the 
greater trochanter. The craniocaudal axis (X-axis) was 
the vector perpendicular to the femoral plane, directed 
cranially. The mediolateral axis (Z-axis) was the line 
connecting the lateral and medial epicondyles, directed 
to the right. The Y-axis was the line perpendicular to the 
X- and Z-axes, directed dorsally.38 The ACS origins were 
the centroids of the cup and femoral head. The femo-
ral and pelvic ACS were matched by rotating the femur 
about the centroid of the femoral head (C).
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60° (P < .001), 70° (P < .001), and 75° (P = .003); 
the −30° cup with the hip at 150° (P = .003); and the 
−35° cup with the hip at 155° (P = .001). The results 
of the post hoc analysis are shown in Supplementary 
Tables S1 and S2.

Adduction angle
Both hip flexion (P < .001) and cup rotation 

(P = .026) influenced hip adduction without inter-
action (P = .990). The amount of impingement-free 
adduction relative to hip flexion/extension followed a 

Figure 3—The measured cup inclination was the angle formed by the intersecting line of the truncated and open 
cup faces and the dorsal pelvic plane, projected onto the pelvic sagittal (XY) plane (A). The measured cup angle of 
lateral opening (ALO) was the angle between the axis perpendicular to open cup surface and the dorsal pelvic plane, 
projected onto the pelvic frontal (YZ) plane (B). The measured truncated face version was the angle formed by the 
intersecting line of the truncated and open cup faces and the bisecting plane across the right and left ischiatic tuber-
osities, projected onto the pelvic dorsal (XZ) plane (C). For the dog shown in the figure, the measured inclination, 
ALO, and truncated version were −23.65°, 48.31°, and 9.77°, respectively.

Table 1—Changes in mean ± SD impingement-free hip joint motion in abduction, adduction, and external and 
internal rotation at 6 angles of hip flexion/extension after total hip replacement in 6 dogs.
Motion 
parameter Cup position 50° 60° 90° 120° 150° 160°

Abduction Neutral cup (0°) 96.8a ± 5.3 94.8a ± 4.1 93.9a ± 2.1 92.4a ± 2.3 85.2a ± 7.3 87.8a ± 3.8
Inclined cup (+35°) 117.1b ± 4.4 114.3b ± 4.0 97.5a ± 5.7 77.8b ± 6.2 69.9b ± 3.6 68.9b ± 3.7
Declined cup (−35°) 86.8c ± 8.1 81.6c ± 6.5 74.3b ± 2.3 74.7b ± 3.5 85.2a ± 7.3 90.8a ± 7.1

Adduction Neutral cup (0°) 7.0a ± 6.3 17.7 ± 5.5 40.2 ± 3.9 46.8 ± 4.3 39.4 ± 7.0 33.5 ± 8.6
Inclined cup (+35°) 6.8a ± 6.0 17.4 ± 5.5 39.9 ± 4.2 46.7 ± 4.2 39.7 ± 6.7 33.9 ± 8.0
Declined cup (−35°) 11.5b ± 3.5 19.2 ± 4.9 40.6 ± 3.8 47.1 ± 4.3 39.5 ± 7.4 33.5 ± 9.0

External 
rotation

Neutral cup (0°) 79.1 ± 12.3 87.9 ± 10.8 98.5 ± 9.4 86.6 ± 11.0 51.7a ± 12.7 39.1a ± 13.3
Inclined cup (+35°) 78.2 ± 11.4 87.3 ± 10.3 98.5 ± 9.4 86.3 ± 11.0 54.8b ± 11.6 45.6b ± 11.6
Declined cup (−35°) 79.8 ± 13.7 88.3 ± 11.5 99.0 ± 9.7 86.3 ± 11.2 51.3a ± 13.2 38.6a ± 13.6

Internal 
rotation

Neutral cup (0°) 10.8a ± 10.2 23.3a ± 11.0 59.3 ± 13.0 95.9 ± 16.6 118.1 ± 17.6 119.5 ± 17.3
Inclined cup (+35°) 10.3a ± 9.6 22.8a ± 10.6 58.5 ± 12.3 95.37 ± 17.1 117.8 ± 18.2 119.4 ± 17.8
Declined cup (−35°) 32.6b ± 6.2 37.8b ± 7.6 60.9 ± 13.2 96.5 ± 16.5 118.7 ± 16.8 120.0 ± 16.5

a–cAngles of hip flexion/extension. Within each motion parameter and within each angle of hip flexion/extension, mean 
impingement-free motion of cups with increased (+35°) or decreased inclination (−35°) with different superscript letters differs 
statistically (P < .0035) from mean impingement-free motion of cups in neutral position (0°).
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parabolic curve regardless of cup rotation (Figure 4). 
Minimal and maximal adduction were detected with 
the hip joint at 50° and 120°, respectively. With the 
hip flexion/extension at 50°, the mean adduction was 
6.8° ± 6.0°, 7.0° ± 6.3°, and 11.5° ± 3.5° when the 
cup was at +35°, at anatomic cup placement, and at 
−35°, respectively. With the hip flexion/extension at 
120°, the mean adduction was 46.7° ± 4.2°, 46.8° ± 
4.3°, and 47.1° ± 4.3° when the cup was at +35°, at 
anatomic cup placement, and at −35°, respectively. 
Adduction was influenced by cup rotation with the 
hip at 50° (P = .013). Compared to anatomic cup 

position, adduction increased with the cup at −35° 
and the hip joint at 50° (P < .001) and 55° (P =.003) 
and with the cup at - 30° and the hip joint at 50° 
(P = .003). The adduction increase was > 5° when 
cup rotation was −35° with the hip joint at 50°.

Internal rotation
Both cup rotation and hip flexion/extension influ-

enced internal rotation (P < .001) with interaction  
(P < .001). Cup rotation negatively influenced internal 
rotation. Hip extension positively influenced internal 
rotation (Figure 4). The influence of cup rotation on 

Figure 4—The mean impingement-free hip motions of 90 simulated total hip replacements from 6 dogs for hip 
angles ranging from 50° to 160° of flexion/extension are shown. Fifteen cup inclinations, ranging from +35° to −35° 
in 5° increments, are shown with a color gradient: maximal cup inclination (+35°) is shown in bright red, anatomic 
inclination is shown in black, and maximal cup declination (−35°) is shown in bright green. Abduction was highly 
affected by changes in cup inclination (A). Inclination led to increased impingement-free abduction in hip flexion 
and decreased abduction in hip extension. Declination led to a loss of impingement-free abduction at all hip angles. 
Impingement-free adduction was minimally impacted by changes in cup inclination (B). A minor increase in adduc-
tion was observed in hip flexion with maximal cup declination. Impingement-free external rotation was minimally 
impacted by changes in cup inclination (C). A minor increase in external rotation was observed in hip extension with 
maximal cup inclination. Impingement-free internal rotation was slightly impacted by cup declination (D). A minor 
increase in internal rotation was observed in hip flexion with maximal cup declination.
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internal rotation decreased as hip angle increased, 
with effects observed at lower hip angles (50°, 55°, 
60°, 65° [P < .001], and 70° [P = .046]). Minimal 
internal rotation occurred with the hip at 50°, and 
maximal internal rotation occurred at 160°. At 50°, 
the mean hip internal rotation was 10.3° ± 9.6°, 
10.8° ± 10.2°, and 32.6° ± 6.2° when the cup was 
at +35°, at anatomic cup placement, and at −35°, 
respectively. At 160°, the mean hip internal rotation 
was 119.4° ± 17.8°, 119.5° ± 17.3°, and 120.0° ± 
16.5° when the cup was at +35°, at anatomic cup 
placement, and at −35°, respectively. Compared to 
anatomic cup position, increases in internal rotation 
angle were detected when cup rotation was −25°, 
−30°, and −35° with hip angles ranging from 50° to 
75° (P < .001), when cup rotation was −30° and −35° 
with the hip at 80° (P < .001), and when cup rotation 
was −35° with the hip at 85° (P < .001). The increase 
in internal rotation compared to anatomic cup posi-
tion was > 5° with the cup at −35° and hip flexion/
extension ranging from 50° and 75° and with the 
cup at −30° and hip flexion/extension ranging from 
50° and 70°.

External rotation
Hip flexion/extension (P < .001) but not cup 

rotation (P = .155) affected the hip external rota-
tion angle with interaction (P < .001). The amount 
of impingement-free external rotation relative to 
hip flexion/extension formed a parabolic curve, with 
maximal external rotation when the hip was at 90° 
(Figure 4). Cup rotation positively influenced exter-
nal rotation with the hip in extension and negatively 
influenced external rotation with the hip in flexion. 
External rotation was influenced by cup rotation with 
the hip at 150° (P = .021) and 155° (P < .001). Minimal 
and maximal external rotation were detected with 
the hip at 160° and 90°, respectively. At 160°, the 
external rotation angle was 38.6° ± 13.6°, 39.1° ±  
13.3°, and 45.6° ± 11.6° with the cup at +35°, at 
anatomic cup placement, and −35°, respectively. At 
90°, the external rotation angle was 99.0° ± 9.7°, 
98.5° ± 9.4°, and 98.5° ± 9.4° with the cup at +35°, 
at anatomic cup placement, and −35°, respectively. 
Compared to an anatomic cup position, increases in 
external rotation angle were detected with the hip 
at 150° and cup at +35° (P < .001), with the hip at 
155° and cup at +30° (P = .001) and +35° (P < .001), 
and with the hip at 160° and cup +30° (P < .001), 
and +35° (P < .001). The increase in external rotation 
compared to an anatomic cup position was > 5° with 
the cup at +35° and the hip at 155°, and with the cup 
at +30° and +35° and the hip at 160°.

Discussion
In acetabular cups with a truncated dorsal cup 

surface, clockwise and counterclockwise changes in 
cup rotation alter the position of the truncated cup 
surface and influence the overall cup orientation and 
impingement-free motion of the prosthetic joint. 
In the study presented here, cup rotation around 
the impaction axis resulted in changes in measured 
inclination and truncated version angle. Also, cup 

rotation influenced impingement-free hip abduction, 
adduction, and internal rotation, whereas the posi-
tion of the hip joint in the sagittal plane (flexion and 
extension) influenced impingement-free hip abduc-
tion, adduction, internal rotation, and external rota-
tion. When both cup rotation angle and hip flexion/
extension angle were considered, cup rotation led to 
significant changes in the impingement-free abduc-
tion angles at most hip joint flexion angles. Cup dec-
lination increased internal rotation and adduction in 
full hip flexion (50°), and cup inclination increased 
external rotation in full hip extension (160°).

Increased cup inclination led to increased mea-
sured inclination and truncated face retroversion, 
and increased declination led to decreased mea-
sured inclination and truncated face retroversion. 
We therefore accepted the hypothesis that changes 
in cup rotation led to changes in measured cup incli-
nation and truncated face version. The observed 
changes in cup inclination and truncated face ver-
sion resulting from cup rotation were caused by the 
spatial relationship between the cup and pelvis ACS. 
The intersecting line between the truncated and 
open cup surfaces was used to measure version and 
inclination.21 The 2 cup surfaces are at a 45° angle 
to each other.22 Changes in angulation of the trun-
cated or open cup surface around the cup center 
affect the direction of the intersecting line. Because 
of the cup’s oblique position within the pelvis ACS, 
changes in cup orientation around the center cup 
result in changes in its relative angular relationship to 
the pelvis dorsal plane (ie, the measured truncated 
face version), the sagittal plane (measured inclina-
tion), and the frontal plane (measured ALO). In the 
present study, cup rotation did not alter the position 
of the open cup surface, but it altered the position 
of the truncated surface, which, in turn, affected the 
direction of the intersecting line between the open 
and truncated cup faces and changed the measured 
inclination and truncated version. Our findings are 
consistent with the results of a previous study,22 
which reported that, with fixed ALO and cup rotation 
angle, alteration of the open face orientation along 
its cranial-caudal axis would lead to changes in mea-
sured version angle. These findings are particularly 
important during cup insertion and adjustment after 
insertion. The oblique position of the cup within the 
pelvic ACS means that adjustments of the truncated 
face, open face, or both during surgery will lead to 
changes in all measured cup orientation angles.

Based on study findings, the hypothesis 
that changes in cup rotation lead to a change of 
impingement-free abduction was accepted, and the 
hypotheses that changes in cup rotation lead to a 
loss of impingement-free adduction, internal rota-
tion, and external rotation were rejected. Adduction 
and internal and external rotation had a similar pat-
tern of change of motion for all hip flexion/extension 
angles that was minimally influenced by cup rota-
tion. In contrast, impingement-free abduction had a 
unique pattern of change of motion resulting from 
cup rotation at all hip flexion/extension angles. The 
loss of abduction due to cup rotation seemingly 
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resulted from the spatial relationship of the pros-
thetic neck and cup edge during flexion and exten-
sion. Impingement in abduction occurred at the edge 
of the truncated cup face, whereas impingement in 
adduction, internal rotation, and external rotation 
mostly occurred at the edge of the open cup face. 
The truncated face of the cup allowed additional hip 
motion before impingement at the central area of 
the truncated cup face compared to its cranial and 
caudal aspects. Increased cup inclination resulted 
in increased truncated cup face retroversion, mov-
ing the cranial aspect of the truncated surface closer 
to the prosthetic neck and the caudal aspect of the 
truncated surface away from the prosthetic neck. 
This resulted in an increase in impingement-free 
abduction in flexion and a decrease in impinge-
ment-free abduction in extension. Conversely, cup 
declination resulted in increased truncated cup 
face anteversion, bringing the caudal aspect of the 
truncated surface closer to the prosthetic neck. 
The impingement points in abduction shifted to the 
caudal aspect of the truncated face, near the junc-
tion of the truncated and open cup faces. Increased 
impingement may also have been due to differences 
in chamfer (polyethylene edge) geometry between 
the open and truncated cup face. The open cup face 
had less chamfer than the truncated face. Decreased 
cup liner chamfer has been shown to negatively 
impact impingement-free hip motion.30 The loss of 
impingement-free abduction resulting from changes 
in cup inclination could increase the likelihood of 
hip luxation in clinical patients. The position of the 
truncated cup face relative to the pelvis should 
therefore be controlled during cup impaction. Since 
increases in head-to-neck ratio12 and changes in 
neck geometry12,31 also improve impingement-free 
motion, they should also be considered in future 
total hip implant designs to decrease risks of luxation 
regardless of cup orientation.

Impingement-free motion in internal and exter-
nal rotation were only influenced by extreme cup 
rotation angles in full flexion and extension, respec-
tively. At the largest cup rotations, the truncated cup 
surface appeared protected against impingement 
during internal and external rotation. It is possible 
that the increased and decreased cup retrover-
sion angles at extreme cup inclination and declina-
tion protected against impingement in internal and 
external rotation. However, a linear relationship of 
truncated cup face version angle on impingement-
free hip internal and external rotation was not iden-
tified. Notably, only the position of the truncated 
cup face changed, but the position of the open cup 
face remained constant. In human THR, cup version 
angle has been described as an important aspect of 
impingement-free motion in internal and external 
rotation.32 In recent studies22,27 evaluating 3-D cup 
positioning, version was based on open-face version 
rather than truncated-face version. Similarly in dogs, 
changes in open-face version would possibly influ-
ence impingement-free internal and external rota-
tion more than changes in truncated-face version. 
That should be evaluated in future research.

Although direct comparisons between studies 
are not possible, the impingement-free prosthetic 
hip joint motion observed in the current study was 
less than the physiologic hip joint motion reported 
in the literature. In 1 study,33 maximum angles of 
passive hip abduction, adduction, internal rotation, 
and external rotation angle in normal hip joints were 
85°, 27°, 55°, and 50°, respectively. In another 
study,34 the maximal abduction, adduction, inter-
nal rotation, and external rotation angle at a walk 
and trot were 55.1°, 15.9°, 16.2°, and 28.4°. Hip 
flexion angle has been reported to be 48.7° during  
sit-to-stand activity.35 Impingement may be more 
likely to occur during flexion with hip adduction, 
possibly combined with internal rotation. At full hip 
flexion, impingement can occur at 10° of internal 
rotation and adduction even when the cup posi-
tion is anatomic. External rotation is also limited in 
full extension, albeit to a lesser extent. These find-
ings are in agreement with the authors’ subjective 
impression that prosthetic hip joint luxation result-
ing from impingement most often occurs when dogs 
transition from a sitting to a standing position and 
rarely occurs when dogs are walking or trotting. 
Kinematic studies investigating internal rotation and 
adduction angles of dogs during daily activities are 
necessary to help improve our understanding of the 
prosthetic hip motion needed to minimize the risk 
of impingement after THR in dogs and the clinical 
consequences of cup malposition.

Based on the findings of the current study, test-
ing the prosthetic joint for impingement at vari-
ous joint positions during THR is recommended. 
Excessive cup declination is likely to lead to a loss 
of impingement-free abduction at most hip angles. 
Intraoperative impingement assessment should 
therefore include abduction.

This study had limitations. While implants were 
realistically shaped and sized and were placed ana-
tomically, no efforts were made to reproduce the 
preoperative geometric relationship of the femur 
and pelvis. The relative position of the femur and 
pelvis influenced the impingement-free motion of 
each individual joint but most likely did not alter 
the findings of the study since comparisons were 
made between anatomically placed cups and exces-
sively inclined or declined cups. It is also possible 
that impingement after THR would be anatomic 
(femur-on-pelvis contact) rather than prosthetic.8,36 
Anatomic impingement was not evaluated in the 
current study. The simulations used in the current 
study assessed impingement-free motion in a sin-
gle direction. Simulating motion in a single plane 
allowed a clearer assessment of the effects of incli-
nation on prosthetic impingement. However, since 
functional hip joint movements occur simultaneously 
in all planes, the simulations in the current study 
do not represent hip mobility during various activi-
ties. Reproducing hip joint positions corresponding 
to specific activities would provide additional infor-
mation on the effects of cup malposition on pros-
thetic impingement. Also, no effort was made to 
alter pelvic extension, pelvic tilt, or pelvic rotation 
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during ROM measurements. These factors would 
be expected to influence (increase or decrease) 
the observed impingement-free prosthetic motion. 
Since all prosthetic stems had identical neck geom-
etry and all prosthetic heads had a 17-mm diameter, 
all implants in the current study had identical head-
to-neck ratios. Since head-to-neck ratios influence 
impingement-free prosthetic motion, the amplitude 
of change observed in the current study may not be 
extrapolated to other head and neck sizes or neck 
lengths. The findings of the current study, however, 
would likely be consistent across all component sizes.

In conclusion, changes in cup rotation around its 
impaction axis (inclination and declination) resulted 
in changes in measured inclination and in truncated 
cup face version. Cup declination led to decreased 
abduction angles at all hip angles. Increased cup 
inclination led to decreased hip abduction when 
hip flexion was < 75°. Intraoperative impinge-
ment assessment should include abduction, flex-
ion combined with adduction and internal rotation, 
and extension combined with external rotation. 
Inclination should be controlled during cup insertion 
to keep the prosthetic neck in the central portion of 
the cup truncation during abduction.

Acknowledgments
The authors thank Movora for providing surface tes-

sellation stereolithography files of the implants for com-
puter-aided design simulations; Dr. Chrisoula Toupadakis 
Skouritakis, University of California, Davis, for the illustra-
tions; and the Stat Lab, Department of Statistics, University 
of California, Davis, for statistical guidance.

Disclosures
Dr. Marcellin-Little is a member of the AJVR Scientific 

Review Board, but was not involved in the editorial evalua-
tion of or decision to accept this article for publication.

No AI-assisted technologies were used in the composi-
tion of this manuscript.

Funding
The authors have nothing to disclose.

ORCID
P. Y. Chou  https://orcid.org/0000-0002-0344-5465
C. H. Wu  https://orcid.org/0000-0002-5025-2551
D. J. Marcellin-Little  https://orcid.org/0000-0001- 

6596-5928

References
	1.	 Marcellin-Little DJ, Young BA, Doyens DH, DeYoung DJ. 

Canine uncemented porous-coated anatomic total hip 
arthroplasty: results of a long-term prospective evalua-
tion of 50 consecutive cases. Vet Surg. 1999;28(1):10–20. 
doi:10.1053/jvet.1999.0010

	2.	 Nelson LL, Dyce J, Shott S. Risk factors for ventral luxa-
tion in canine total hip replacement. Vet Surg. 2007;36(7): 
644–653. doi:10.1111/j.1532-950X.2007.00316.x

	3.	 Hayes GM, Ramirez J, Langley-Hobbs SJ. Does the 
degree of preoperative subluxation or soft tissue tension 
affect the incidence of postoperative luxation in dogs 
after total hip replacement? Vet Surg. 2011;40(1):6–13. 
doi:10.1111/j.1532-950X.2010.00754.x

	4.	 Dyce J, Wisner ER, Wang Q, Olmstead ML. Evaluation 
of risk factors for luxation after total hip replacement 
in dogs. Vet Surg. 2000;29(6):524–532. doi:10.1053/
jvet.2000.17858

	5.	 Cross AR, Newell SM, Chambers JN, Shultz KB, 
Kubilis PS. Acetabular component orientation as an indi-
cator of implant luxation in cemented total hip arthro-
plasty. Vet Surg. 2000;29(6):517–523. doi:10.1053/jvet. 
2000.17856

	6.	 Roe SC, Sidebotham C, Marcellin-Little DJ. Acetabular 
cup liner and prosthetic head exchange to increase the 
head diameter for management of recurrent luxation of a 
prosthetic hip in two dogs. Vet Comp Orthop Traumatol. 
2015;28(1):60–66. doi:10.3415/VCOT-13-10-0128

	7.	 Lewinnek GE, Lewis JL, Tarr R, Compere CL, 
Zimmerman JR. Dislocations after total hip-replacement 
arthroplasties. J Bone Joint Surg Am. 1978;60(2): 
217–220. doi:10.2106/00004623-197860020-00014

	8.	 Malik A, Maheshwari A, Dorr LD. Impingement with total 
hip replacement. J Bone Joint Surg Am. 2007;89(8): 
1832–1842. doi:10.2106/JBJS.F.01313

	9.	 Widmer KH. Containment versus impingement: finding a 
compromise for cup placement in total hip arthroplasty. 
Int Orthop. 2007;31(suppl 1):S29–33. doi:10.1007/
s00264-007-0429-3

	10.	 Widmer KH. The impingement-free, prosthesis-specific, 
and anatomy-adjusted combined target zone for com-
ponent positioning in THA depends on design and 
implantation parameters of both components. Clin 
Orthop Relat Res. 2020;478(8):1904–1918. doi:10.1097/
CORR.0000000000001233

	11.	 Pryce GM, Sabu B, Al-Hajjar M, et al. Impingement in total 
hip arthroplasty: a geometric model. Proc Inst Mech Eng H. 
2022;236(4):504–514. doi:10.1177/09544119211069472

	12.	 Pour AE, Lazennec JY, Patel KP, et al. Femoral stem neck 
geometry determines hip range of motion shape. Bone 
Joint Res. 2021;10(12):780–789. doi:10.1302/2046-
3758.1012.BJR-2021-0273.R1

	13.	 Marchetti E, Krantz N, Berton C, et  al. Component 
impingement in total hip arthroplasty: frequency and 
risk factors. A continuous retrieval analysis series of 416 
cup. Orthop Traumatol Surg Res. 2011;97(2):127–133. 
doi:10.1016/j.otsr.2010.12.004

	14.	 Yamaguchi M, Akisue T, Bauer TW, Hashimoto Y. The 
spatial location of impingement in total hip arthro-
plasty. J Arthroplasty. 2000;15(3):305–313. doi:10.1016/
S0883-5403(00)90601-6

	15.	 Brown TD, Callaghan JJ. Impingement in total hip replace-
ment: mechanisms and consequences. Curr Orthop. 2008; 
22(6):376–391. doi:10.1016/j.cuor.2008.10.009

	16.	 Padgett DE, Lipman J, Robie B, Nestor BJ. Influence of total 
hip design on dislocation. Clin Orthop Relat Res. 2006;447: 
48–52. doi:10.1097/01.blo.0000218748.30236.40

	17.	 Amstutz HC, Lodwig RM, Schurman DJ, Hodgson AG. Range 
of motion studies for total hip replacements: a compara-
tive study with a new experimental apparatus. Clin Orthop 
Relat Res. 1975;(111):124–130. doi:10.1097/00003086- 
197509000-00016

	18.	 Hall RM, Siney P, Unsworth A, Wroblewski BM. Prevalence 
of impingement in explanted Charnley acetabular com-
ponents. J Orthop Sci. 1998;3(4):204–208. doi:10.1007/
s007760050043

	19.	 Barrack RL, Butler RA, Laster DR, Andrews P. Stem 
design and dislocation after revision total hip arthro-
plasty: clinical results and computer modeling. J 
Arthroplasty. 2001;16(8 suppl 1):8–12. doi:10.1054/arth. 
2001.28359

	20.	 Wu CH, Lin CC, Lu TW, Hou SM, Hu CC, Yeh LS. 
Evaluation of ranges of motion of a new constrained 
acetabular prosthesis for canine total hip replacement. 
Biomed Eng Online. 2013;12:116. doi:10.1186/1475- 
925X-12-116

	21.	 Dyce J, Wisner ER, Schrader SC, Wang Q, Olmstead ML. 
Radiographic evaluation of acetabular component posi-
tion in dogs. Vet Surg. 2001;30(1):28–39. doi:10.1053/
jvet.2001.20343

	22.	 Bilmont A, Pink J, Clarke S, Kowaleski MP. Assessment 
of BFX cup version in a three-dimensional model 

Brought to you by University of California-Davis | Unauthenticated | Downloaded 03/03/25 05:08 PM UTC



10� AJVR

simulating the ventrodorsal radiographic view. Vet Surg. 
2025;54(1):219–227. doi:10.1111/vsu.14139

	23.	 Peck JN, Liska WD, DeYoung DJ, Marcellin-Little DJ. 
Clinical application of total hip replacement. In: Peck JN, 
Marcellin-Little DJ, eds. Advances in Small Animal Total 
Joint Replacement. Wiley-Blackwell; 2013:69–107.

	24.	 Serck BM, Karlin WM, Kowaleski MP. Comparison of 
canine femoral torsion measurements using the axial and 
biplanar methods on three-dimensional volumetric recon-
structions of computed tomography images. Vet Surg. 
2021;50(7):1518–1524. doi:10.1111/vsu.13700

	25.	 Silveira CJ, Barnes KH, Kerwin SC, Saunders WB. Greater 
trochanter morphology and association with patient 
demographics, surgical factors, and post-operative stem 
position: a retrospective assessment of 150 cement-
less THRs in 135 dogs. BMC Vet Res. 2022;18(1):78. 
doi:10.1186/s12917-022-03174-y

	26.	 Kara ME, Sevil-Kilimci F, Dilek ÖG, Onar V. Proximal and 
distal alignment of normal canine femurs: a morphometric 
analysis. Ann Anat. 2018;217:125–128. doi:10.1016/ 
j.aanat.2018.02.006

	27.	 Fracka AB, Zindl C, Allen MJ. Three-dimensional morphom-
etry of the canine pelvis: implications for total hip replace-
ment surgery. Vet Comp Orthop Traumatol. 2022;36(4): 
175–183.

	28.	 Linhart J. A quick point-in-polyhedron test. Comput 
Graph. 1990;14(3–4):445–447. doi:10.1016/0097- 
8493(90)90066-7

	29.	 Jaegger G, Marcellin-Little DJ, Levine D. Reliability 
of goniometry in Labrador Retrievers. Am J Vet Res. 
2002;63(7):979–986. doi:10.2460/ajvr.2002.63.979

	30.	 Scifert CF, Brown TD, Pedersen DR, Callaghan JJ. A 
finite element analysis of factors influencing total hip 
dislocation. Clin Orthop Relat Res. 1998;(355):152–162. 
doi:10.1097/00003086-199810000-00016

	31.	 Widmer AF, Conzelmann M, Tomic M, Frei R, Stranden AM. 
Introducing alcohol-based hand rub for hand hygiene: the 

critical need for training. Infect Control Hosp Epidemiol. 
2007;28(1):50–54. doi:10.1086/510788

	32.	 Kummer FJ, Shah S, Iyer S, DiCesare PE. The effect 
of acetabular cup orientations on limiting hip rota-
tion. J Arthroplasty. 1999;14(4):509–513. doi:10.1016/
S0883-5403(99)90110-9

	33.	 Mann F, Wagner-Mann C, Tangner C. Manual goniometric 
measurement of the canine pelvic limb. J Am Anim Hosp 
Assoc. 1988;24(2):189–194.

	34.	 Fischer MS, Lehmann SV, Andrada E. Three-dimensional 
kinematics of canine hind limbs: in vivo, biplanar, high-
frequency fluoroscopic analysis of four breeds dur-
ing walking and trotting. Sci Rep. 2018;8(1):16982. 
doi:10.1038/s41598-018-34310-0

	35.	 Feeney LC, Lin CF, Marcellin-Little DJ, Tate AR, Queen RM, 
Yu B. Validation of two-dimensional kinematic analysis 
of walk and sit-to-stand motions in dogs. Am J Vet Res. 
2007;68(3):277–282. doi:10.2460/ajvr.68.3.277

	36.	 Fischer T, Stern C, Fritz B, Zingg PO, Pfirrmann CW, 
Sutter R. MRI findings of ischiofemoral impingement 
after total hip arthroplasty are associated with increased 
femoral antetorsion. Acta Radiol. 2021;63(7):948–957. 
doi:10.1177/02841851211021044

	37.	 Tannast M, Langlotz U, Siebenrock KA, Wiese M, 
Bernsmann K, Langlotz F. Anatomic referencing of cup 
orientation in total hip arthroplasty. Clin Orthop Relat Res. 
2005;(436):144–150. doi:10.1097/01.blo.0000157657. 
22894.29

	38.	 Fu YC, Torres BT, Budsberg SC. Evaluation of a three-
dimensional kinematic model for canine gait analysis. 
Am J Vet Res. 2010;71(10):1118–1122. doi:10.2460/
ajvr.71.10.1118

Supplementary Materials
Supplementary materials are posted online at the jour-

nal website: avmajournals.avma.org.

Brought to you by University of California-Davis | Unauthenticated | Downloaded 03/03/25 05:08 PM UTC

http://avmajournals.avma.org



