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Total hip replacement (THR) is used to manage 
debilitating problems of the hip joint, such as 

osteoarthritis (OA) secondary to hip dysplasia, luxa-
tion, and fracture managed unsuccessfully with-
out surgery or with other surgical procedures.1–3 
Cementless THR gained popularity over time, poten-
tially due to concerns about aseptic loosening after 
cemented THR.4–6 The long-term stability of cement-
less THR implants often relies on bone ingrowth into 
prosthetic components. Bone ingrowth requires rel-
ative motion between the bone and implant in the 
early postoperative period to be small (< 20 µm).7 
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Stem stability within the femur is enhanced when 
the stem is fitted to the bone. Press fit relies on cir-
cumferential contact with cancellous bone and canal 
fill. Canal fill is more easily and safely obtained when 
canal flare approximates the flare of the stem and 
when the stem is aligned with the long axis of the 
proximal portion of the femur.8,9 However, longitu-
dinal stem alignment may be challenging when the 
greater trochanter overhangs the canal.10,11 For these 
reasons, canal flare and trochanteric overhang (TrO) 
are routinely evaluated when planning cementless 
THR.11,12 Radiographic views, however, are subject 
to distortion.13 It is unclear whether the radiographic 
assessment of canal flare and TrO in the dog femur 
is accurate and what factors influence that accuracy.

The purpose of this study was to evaluate the 
accuracy of the radiographic assessment of canal 

Objective
To compare measurements of canal flare index (CFI) and greater trochanter overhang (TrO) from ventrodorsal (VD) 
and craniocaudal horizontal beam (CCHB) radiographic views to measurements from contemporaneously acquired 
CT scans and to evaluate the impact of size, age, radiographic view, severity of osteoarthritis, hip subluxation, and 
femoral rotational malposition on CFI and TrO measurement accuracy.

Methods
This was a retrospective study of femurs imaged from June 28, 2018, through March 27, 2023. The CFI and linear TrO 
index measured from VD and CCHB radiographs and from CT-derived surface renderings of the femur prepared with 
−10°, −5°, 0°, +5°, and +10° of rotation using computer-aided design software were compared.

Results
80 femora from 43 dogs were included. Radiographs measured CFI with errors > 0.2 in 81% of VD views and 77% of 
CCHB views and yielded linear TrO measurements with errors > 20% of canal radius in 75% of VD and 74% of CCHB 
views. The TrO grade was incorrect for 44% of femurs on VD views and 30% of femurs on CCHB views. Internal 
femoral rotation of 10° significantly influenced CT measurements of CFI and TrO. Severity of osteoarthritis and hip 
subluxation did not influence measurements.

Conclusions
Measurements of CFI and TrO from VD and CCHB views are inaccurate relative to CT measurements.

Clinical Relevance
Radiographic measurements underestimate CFI and poorly predict TrO. A CT of the femur should be considered 
when accurate measurements of CFI and TrO are sought, particularly for femurs with abnormal geometry.
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flare and TrO in dogs by comparing radiographic 
measurements to CT measurements in 2-D and 3-D. 
Measurements from controlled rotational femoral 
malposition of 3-D renderings of the femur were 
also assessed as it is one of the common radio-
graphic artifacts. The study also aimed to evaluate 
the effects of hip disease severity on the accuracy 
of radiographic assessment of canal flare index (CFI) 
and TrO index. We hypothesized that measurements 
of CFI and TrO index and grade from ventrodorsal 
(VD) and craniocaudal horizontal beam (CCHB) 
radiographic views are inaccurate relative to nonro-
tated CT renderings. Here, CFI accuracy is defined as 
a difference between radiographic and CT measure-
ments < 0.20,12 an accuracy threshold selected based 
on previously reported14–16 CFIs of dog femurs. A CFI 
error of 0.20 would lead to the misclassification of 
the femoral morphology for approximately 25% of 
dogs. The accuracy of TrO was defined as a differ-
ence between radiographic and CT measurements 
of TrO < 20% of canal radius or as having the same 
TrO grade.11 We hypothesized that CCHB views are 
more accurate than VD views to measure CFI and 
TrO. We hypothesized that the accuracy of CFI and 
TrO is less when the femur is viewed with 5° or 10° 
internal or external rotation than when the femur is 
viewed without rotation. We also hypothesized that 
increased OA or hip subluxation severity negatively 
impacts the accuracy of radiographic assessment 
of CFI and TrO index. To conduct this study, radio-
graphs and CT scans of femurs acquired contempo-
raneously in dogs presented for the management of 
chronic hip pain were analyzed.

Methods
Sample

This retrospective study used a sample of 
convenience. Dogs presented to the University 
of California-Davis Veterinary Medical Teaching 
Hospital from June 28, 2018, through March 27, 2023, 
were eligible for inclusion if a CT scan of 1 femur or 
both had been acquired in addition to radiographs. 
The CT scan and radiographs were acquired under 
IV sedation with butorphanol (0.2 mg/kg) combined 
with dexmedetomidine (approx 0.005 mg/kg). 
Dexmedetomidine was dosed to effect so that dogs 
could be positioned for the CT scan and radiographs 
without eliciting a pain response to hip extension. 
In our setting, a CT is acquired in addition to radio-
graphs when clinicians perceive the need to accu-
rately evaluate bone size or geometry when planning 
THR. Dogs were excluded if the CT did not include 
a complete femur, if motion artifacts were pres-
ent, or if > 2 weeks lapsed between CT and radio-
graphs. Signalment (age, breed, sex, and weight) 
was recorded.

Two-dimensional proximal femoral geometry
The DICOM files of radiographs were imported 

into a commercially available DICOM reader program 
(Horos, version 3.3.6; Horos Project) and were ano-
nymized. Measurements of CFI and TrO were col-
lected on VD and CCHB radiographic views using 

previously reported methods (Figure 1).11,12 For all 
radiographic views, the patella was centered over the 
femoral condyles, and the fabellae bisected the fem-
oral cortices. For the VD view, the x-ray beam was 
centered on the midline, at the level of the hip joints. 
For the CCHB view, the x-ray beam was centered on 
the proximal aspect of the femoral diaphysis. Canal 
radius was determined at the isthmus. The CFI was 
the ratio of endosteal width at the lesser trochan-
ter and width at the isthmus.12 Linear TrO index was 
calculated by dividing the distance from the medial 
aspect of the greater trochanter to femoral center-
line by the canal radius.11 Greater linear TrO indices 
represented less TrO. An index ≥ 1 indicated that 
TrO was not observed. The TrO was graded using a 
previously reported method, where the location of 
the medial aspect of the greater trochanter was lat-
eral to the proximal extension of the lateral femoral 
cortex (grade 1), within the lateral femoral cortex 
(grade 2), medial to the lateral cortex but lateral to 
the femoral anatomic axis (grade 3), or medial to the 
femoral anatomic axis (grade 4).11 The severity of 
OA was scored using the modified British Veterinary 
Association/Kennel Club scheme.17 The maximal OA 
score was 41. Hip subluxation was calculated as the 
ratio of the distance between the center of the femo-
ral head and acetabulum divided by the head radius.

Three-dimensional assessment of CFI and TrO
The DICOM files of CT scans were exported 

into segmentation software (Mimics, version 23.0; 
Materialise). The femur was separated from the pel-
vis and tibia and saved as a 3-D surface rendering 
(.stl file). The CT-based 3-D surface rendering of the 
femur was imported into computer-aided design 
software (3-matic, version 15.0; Materialise). A 
mediolateral condylar axis was developed by joining 
the centers of spheres fitted to the medial and lateral 
femoral condyles.18 A frontal plane was established 
that was parallel to the mediolateral condylar axis 
and the long axis of the proximal diaphyseal femo-
ral canal (ie, the centerline of a cylinder fitted to the 
femoral endosteal surface). Sagittal and transverse 
planes were generated as planes perpendicular to 
the frontal plane and to each other. Four oblique 
frontal planes were generated at 5° increments of 
internal rotation (+5° and +10°) and external rota-
tion (−10° and −5°). A positive rotation represented 
internal rotation of the femur relative to a fixed 
sagittal plane (ie, a craniolateral-to-caudomedial 
oblique frontal plane projection). The medial aspect 
of the greater and lesser trochanter was marked with 
points. To measure CFI, a frontal plane sketch and 
4 oblique sketches with −10°, −5°, +5°, and +10° of 
rotation were created. Projections of the femur and 
trochanteric points were imported into the sketches 
with outlines of the endosteal and periosteal sur-
faces of the femur (Figure 1). When outlines were 
indistinct, a line was fitted to the medial or lateral 
endosteal surfaces to approximate the outline. 
Similar to radiographic measurements, CFI was cal-
culated as the ratio of endosteal width and width at 
the isthmus (the diameter of the cylinder fitted to 
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the canal).12 When endosteal outlines were not vis-
ible due to severe bone sclerosis, measurements of 
CFI were not collected.

The extent of TrO was evaluated using 3 meth-
ods. Two methods (linear TrO index and TrO grade) 
were identical to the measurements from radio-
graphs. A third method was based on the volume of 
the greater trochanter intersecting a proximal exten-
sion of the canal (volumetric TrO index). To measure 
the volumetric TrO index, the greater trochanter 
was separated from the femur at its distal aspect. 
To consistently determine the location of the distal 
aspect of the greater trochanter, the transverse plane 
was duplicated. The duplicate transverse plane was 
moved to the proximal aspect of the greater trochan-
ter. The transverse plane was duplicated again. That 
duplicate plane was translated distally by a length 
equal to the medullary diameter. The greater tro-
chanter was located between the 2 planes. Bone not 
belonging to the greater trochanter (ie, femoral head 
and ossum collis femoris) was deleted. The volume of 
greater trochanter located within the proximal exten-
sion of the medullary cylinder was measured using a 

Boolean intersection operation (Figure 2). That vol-
ume was indexed by dividing the TrO overhang vol-
ume by the (canal radius)^3.

Statistical analyses
The normality of distributions was assessed 

using Shapiro-Wilk tests. Data were considered 
normally distributed when W > 0.90 and P > .05. 
Imaging modalities were compared using ANOVA, 
with the limb as a random effect and bodyweight 
as a fixed effect. Pairwise comparisons were made 
using Tukey honestly significant difference post hoc 
tests. To measure method reliability, intraclass cor-
relation coefficients (ICCs) were calculated for CFI 
and linear and volumetric TrO indices.19 Intraclass 
correlation coefficient values < 0.5 represented poor 
consistency, values ≥ 0.5 and < 0.75 represented 
moderate consistency, values ≥ 0.75 and < 0.9 rep-
resented good consistency, and values ≥ 0.90 rep-
resented excellent consistency.20 Linearly weighted  
κ coefficients were calculated to compare TrO grades 
from radiographic views and CT renderings in the 
frontal plane. For these comparisons, κ < 0 indicated 

Figure 1—Representative images used to calculate canal flare index (CFI) and linear trochanteric overhang (TrO) 
index for the right femur of a 9-month-old Border Collie. The images include a ventrodorsal (VD) radiographic view 
(A), a craniocaudal horizontal beam (CCHB) radiographic view (B), and a CT-derived rendering and sketch of the 
proximal portion of the femur (C). On these views, CFI is the ratio of endosteal width at the proximodistal midpoint 
of the lesser trochanter (1) and width at the femoral isthmus (2). The linear TrO index is the ratio of distance from 
the medial aspect of the greater trochanter (3) to the anatomic axis of the proximal portion of the femur (4) and 
the radius of the canal (5). In the current study, measurements of CFI and TrO index from VD and CCHB views and 
from CT-derived renderings acquired contemporaneously from 80 femurs from 2018 through 2023 were compared 
using measurements from CT-derived renderings as the gold standard. For the femur shown, CFI (endosteal width/
width at isthmus) was 1.70 (15.44/9.07 mm) on the VD view, 1.70 (13.6/8.02 mm) on the CCHB view, and 1.99 
(13.55/6.81 mm) on the CT-derived sketch. The linear TrO index was 0.57 on the VD view, 1.11 on the CCHB view, 
and 1.12 on the CT-derived sketch. Scale bars = 1 cm.
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poor agreement, 0.01 to 0.20 slight agreement, 0.21 
to 0.40 fair agreement, 0.41 to 0.60 moderate agree-
ment, 0.61 to 0.80 substantial agreement, and 0.81 to 
1 almost perfect agreement.21 Bias and 95% limits of 
agreement between radiographic and CT measure-
ments of CFI and TrO indices were determined using 
Bland-Altman plots.22 Differences between Bland-
Altman plots and differences between the slopes of 
the regression lines were compared using ANCOVA. 
Multiple regression with forward selection was done 
to evaluate the association of the difference between 
radiographic and CT measurements and other fac-
tors (age, bone size, OA score, lateral subluxation 
index). Correlation between factors was calculated 
to evaluate collinearity. Linear regression was used 
to assess the association between radiographic mea-
surements of linear TrO index, CT measurements of 
linear TrO index, and CT measurements of volumetric 
TrO index. Regression analysis was used to evaluate 
the association of bodyweight with CFI and TrO. The 
CT-based measurements of CFI and linear TrO index 
collected from renderings at femoral rotations of 
−10°, −5°, 0°, +5°, and +10° were compared using 
ANOVA, with the limb as random effect and body-
weight as fixed effect. Pairwise comparisons were 
made using Tukey honest significant difference post 
hoc tests. Multiple regression with forward selection 
was done to evaluate the association of the differ-
ence between −10°, −5°, +5°, and +10° femurs and 
0° femurs with other factors (age, bone size, OA 
score, lateral subluxation index). Correlation was run 
between factors to check collinearity. For all tests, 
significance was set at P < .05.

Results
A total of 82 femurs from 44 dogs were eligible 

for inclusion. Two femurs from 1 dog were excluded 
due to motion artifacts, leaving 80 femurs from 
43 dogs in the study. Sixty-six femurs were from 

Figure 2—Proximal views of 4 CT-derived renderings of 
the femurs as described in the legend of Figure 1. The  
4 dogs with hip dysplasia evaluated for total hip replace-
ment included a 32-month-old Labrador Retriever 
weighing 34 kg (A), a 40-month-old German Shepherd 
Dog weighing 38 kg (B), a 14-month-old Golden 
Retriever weighing 25 kg (C), and a 9-month-old Border 
Collie weighing 14 kg (D). Femurs are oriented with 
their lateral and cranial aspects on the right side and 
top side of each image, respectively. The circles rep-
resent a cylinder fitted to the medullary canal of the 
proximal portion of the femur. The yellow dots mark the 
medial aspect of the greater trochanter. The location of 
the medial aspect of the greater trochanter relative to 
the medullary canal was determined. The medial aspect 
of the greater trochanter could be located cranial to the 
cylinder (A), within the cylinder (B), caudal to the cyl-
inder (C), or lateral (D) to the cylinder representing the 
canal. For the femur in (A), the canal radius was 4.64 
mm, the linear TrO index was 0.72, the TrO grade was 3, 
and the volumetric TrO index was 0.01. For the femur in 
(B), those values were 6.59 mm, 0.22, 3, and 0.74. For 
the femur in (C), those values were 4.32 mm, 0.47, 3, 
and 0.41. For the femur in (D), those values were 3.59 
mm, 1.12, 2, and 0.00. Scale bars = 1 cm. 

Table 1—Canal flare index measurements from 2 radiographic views and from CT scans of 79 femurs from 43 dogs.
Parameter Viewing method Mean ± SD Bias (limits of agreement)* ICC* Accuracy*

Endosteal width (mm) CT, 0° (n = 79) 18.26a ± 4.40 — — —
VD (n = 79) 16.50b ± 5.06 −1.61 ± 0.66 — —
CCHB (n = 70) 16.65b ± 4.64 −1.38 ± 0.68 — —

Diaphyseal width at isthmus (mm) CT, 0° (n = 79) 9.24a ± 2.17 — — —
VD (n = 79) 10.74b ± 2.92 1.57 ± 0.23 — —
CCHB (n = 70) 10.30c ± 2.51 1.03 ± 0.24 — —

Canal flare index CT, 0° (n = 79) 2.00a ± 0.30 — — —
VD (n = 79) 1.54b ± 0.27 −0.45 ± 0.06 −0.161 19%
CCHB (n = 70) 1.62b ± 0.26 −0.35 ± 0.07 0.331 23%
CT, −10° (n = 79)† 1.99a ± 0.28 0.00 ± 0.02 — —
CT, −5° (n = 79) 1.99a ± 0.29 −0.01 ± 0.02 — —
CT, 0° (n = 79) 2.00a,c ± 0.30 — — —
CT, +5° (n = 79) 2.01b,c ± 0.31 0.02 ± 0.02 — —
CT, +10° (n = 79) 2.03b,d ± 0.30 0.04 ± 0.02 — —

*Bias, ICC, and accuracy referred to difference between radiographic views and CT. For radiographs, accuracy was defined 
as a canal flare index difference with CT < 0.2. †Negative angles represent external rotation of the femur relative to the  
radiographic beam.

— = Not applicable. CCHB = Craniocaudal horizontal beam radiographic view. ICC = Intraclass correlation coefficient. VD = 
Ventrodorsal radiographic view.

a–dFor comparisons among the 3 viewing methods and for comparisons among CT rendering orientations, mean values with 
different superscript letters differ statistically among methods or orientations (P < .05).
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Figure 3—Bland-Altman plots (average of radiographic view scores and CT-derived scores for CFI and linear TrO 
index vs the difference between radiographic view and CT-derived scores) of CFI and linear TrO index for the femurs 
described in the legend of Figure 1. The results are shown for 79 VD views and 70 CCHB views. Solid lines represent 
the regression line, shaded areas represent the 95% CI of the regression line, and dashed lines represent the 95% pre-
diction limits. For the CFI, a negative bias of −0.45 was present on VD views (A) and −0.33 on CCHB views (B). For 
the linear TrO index, a positive bias of 0.40 was observed on VD views (C) and 0.30 on CCHB views (D).

Table 2—Trochanteric overhang (TrO) measurements from 2 radiographic views and from CT scans of 80 femurs 
from 43 dogs.
Parameter Viewing method Mean ± SD Bias (limits of agreement) ICC Agreement (κ) Accuracy*

Linear TrO index† CT, 0° (n = 80) 0.51a ± 0.67 — — — —
VD (n = 78) 0.91b ± 0.58 0.40 ± 0.11 0.546 — 25%
CCHB (n = 70) 0.77b ± 0.7 0.30 ± 0.11 0.771 — 26%
CT, −10° (n = 80) 0.54a ± 0.70 0.03 ± 0.03 — — —
CT, −5° (n = 80) 0.52a ± 0.68 0.02 ± 0.03 — — —
CT, 0° (n = 80) 0.51a ± 0.67 — — — —
CT, +5° (n = 80) 0.49b ± 0.67 −0.01 ± 0.03 — — —
CT, +10° (n = 80) 0.46b ± 0.66 −0.04 ± 0.03 — — —

TrO grade CT, 0° (n = 80) 3a (1–4)‡ — — — —
VD (n = 78) 3b (1–4)‡ −0.39 ± 0.14 — 0.559 56%
CCHB (n = 70) 3b (1–4)‡ −0.28 ± 0.14 — 0.679 70%
CT, −10° (n = 80) 3a (1–4)‡ −0.01 ± 0.07 — — —
CT, −5° (n = 80) 3a (1–4)‡ −0.03 ± 0.07 — — —
CT, 0° (n = 80) 3a (1–4)‡ — — — —
CT, +5° (n = 80) 3a,b (2–4)‡ 0.04 ± 0.07 — — —
CT, +10° (n = 80) 3b (2–4)‡ 0.09 ± 0.07 — — —

Volumetric TrO index CT, 0° (n = 80) 0.63 ± 0.96 — — — —

*For radiographs, accuracy was defined a TrO distance to the canal center differing from CT measurement > 20% of canal radius 
or having the same TrO grade. †The distance of the medial aspect of the greater trochanter to the mechanical axis in the frontal 
plane divided by the canal radius. Larger indices indicate less overhang. An index ≥ 1 indicates no overhang. ‡Median (range).

— = Not applicable.
a,bFor comparisons among the 3 viewing methods and for comparisons among CT rendering orientations, mean values with 

different superscript letters differ statistically among methods or orientations (P < .05).
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joints with hip dysplasia, 4 femurs had a femoral 
head fracture, 2 were chronically luxated, and 8 were 
normal. The median age was 26 months (range, 5 to 
121). The mean ± SD bodyweight was 28.2 ± 10.4 kg 
(range, 9.7 to 53.0). Five dogs weighed < 15 kg and 
11 weighed < 20 kg. The dogs included 18 spayed 
females (42%), 14 neutered males (33%), 9 intact 
males (21%), and 2 intact females (5%). Multiple 
breeds were included; among those were 11 mixed-
breed dogs and 10 German Shepherd dogs. The 
mean ± SD OA score was 20 ± 11 and subluxation 
index was 86% ± 48%.

Measurements of CFI were collected from 
79 VD views, 70 CCHB views, and 79 CT renderings 
(Table 1). One VD view and 10 CCHB views were 
not available. Relative to CT measurements, mea-
surements from VD and CCHB radiographic views 
underestimated endosteal width and overestimated 
diaphyseal width at the femoral isthmus (all P < 
.001). Radiographic views underestimated CFI rela-
tive to CT measurements, with a mean bias (± limits 
of agreement) of −0.45 ± 0.06 for the VD view (P < 
.001) and −0.35 ± 0.07 for the CCHB view (P = .002; 
Figure 3). Eighty-one percent of VD views and 77% 
of CCHB views inaccurately measured CFI by > 0.2. 
The VD and CCHB radiographic views had poor con-
sistency relative to CT measurements (ICC, −0.161 
and 0.331, respectively). Factors influencing the cor-
relation between radiographic and CT measurements 
of CFI were not identified. Mean measurements of 
CFI were 0.04 greater when femurs were internally 
rotated by 10° compared to nonrotated femurs 
(P = .011). Mean CFI measurements for other femo-
ral rotations did not differ statistically from measure-
ments in nonrotated femurs (P values ranging from 
.057 to .416). Bodyweight was not associated with 
the CFI measured on VD and CCHB views and on CT 
scans (P values ranging from .306 to .915).

Measurements of TrO were collected from 
78 VD views, 70 CCHB views, and 80 CT renderings 
(Table 2). Two VD views were not used: 1 was not 
available, and 1 was incomplete. Ten CCHB views were 
not available. Radiographic views overestimated the 
linear TrO index, with a mean bias (± limit of agree-
ment) relative to CT measurements of 0.40 ± 0.11 for 
the VD view and 0.30 ± 0.11 for the CCHB view. The 
error in TrO location relative to the canal center was 
> 20% of the canal radius in 75% of VD views and 74% 
of CCHB views. Measurements of linear TrO index 
from VD views had moderate consistency relative to 
CT measurements (ICC, 0.546), and measurements 
from CCHB views had good consistency (ICC, 0.771). 
Larger diaphyseal width was significantly associated 
with a larger bias of linear TrO index between CCHB 
view and CT (r2 = 0.058; P = .045). Other factors influ-
encing the correlation between radiographic and CT 
measurements of TrO were not identified. Mean mea-
surements of linear TrO index were 0.04 lower when 
femurs were internally rotated by 10° compared to 
nonrotated femurs (P = .019). Mean TrO measure-
ments for other femoral rotations did not differ sta-
tistically from measurements in nonrotated femurs 
(P values ranging from .052 to .415).

Radiographic views also underestimated TrO 
grade, with a mean (± limit of agreement) TrO 
grade bias relative to CT measurements of −0.39 ± 
0.14 for the VD view and −0.28 ± 0.14 for the CCHB 
view. Measurements of TrO grade from VD views 
had moderate agreement with CT measurements 
(κ = 0.559), and measurements of CCHB views had 
substantial agreement with CT measurements (κ = 
0.679). Compared to CT grades, radiographic grades 
of TrO were incorrect in 44% of VD views and 30% of 
CCHB views. Factors influencing the correlation of 

Figure 4—Linear regression plots showing TrO from 
the 80 femurs from 43 dogs described in the legend of 
Figure 1. The plots compared linear measurements of 
TrO index from VD radiographic views (A), CCHB radio-
graphic views (B), and CT-derived renderings (C) to 
normalized volumetric TrO. For all linear measurements 
of TrO index, measurements ≥ 1 represent no overhang. 
Regression lines are gray, and their 95% CIs are shaded. 
Dashed lines represent the 95% prediction limits for TrO.
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TrO grades for radiographic views and CT render-
ings were not identified. Mean measurements of TrO 
grade were 0.09 greater when femurs were inter-
nally rotated by 10° compared to nonrotated femurs 
(P = .019). Mean measurements of TrO grade for 
other rotated femurs did not differ statistically from 
nonrotated femurs (P values ranging from .313 to 
.720). Bodyweight was not associated with the linear 
TrO index measured on VD and CCHB views and on 
CT scans (P values ranging from .450 to .884).

When evaluating TrO volumetrically, 22 of 
80 femurs (28%) had no TrO. The medial aspect of the 
greater trochanter was cranial to the proximal exten-
sion of the canal in 12 femurs (15%), was within the 
canal in 30 femurs (38%), and was caudal in 16 femurs 
(20%; Figure 2). Linear measurements of TrO index 
and TrO grades from VD views (r2 = 0.330 and 0.355, 
respectively), CCHB views (r2 = 0.422 and 0.384), 
and CT renderings (r2 = 0.637 and 0.472) were sig-
nificantly correlated with volumetric measurements 
of TrO index (all P values < .001; Figure 4). The slope 
of the regression line for CT renderings differed sta-
tistically from the slope of the regression line for TrO 
grades from VD views (P = .033) but not from other 
regression lines (P values ranging from .088 to .809).

Discussion
Reconstructions of CT scans were used as refer-

ences in this study because they are not sensitive to 
parallax, distortion, or magnification.23,24 Computer-
aided design software was used to virtually sketch the 
proximal portion of the femur at its frontal plane mid-
section, to mark anatomic landmarks used to calculate 
CFI and TrO, and to project these landmarks on a vir-
tual sketch, maximizing the accuracy of CFI and linear 
TrO index calculations. The mean CT measurements 
of CFI observed in the current study were similar to 
the anatomic measurements of CFI reported in previ-
ous studies25,26 (2.00 to 2.10). To control for dog size, 
linear measurements of TrO were indexed by dividing 
by the radius of the canal. The volume of greater tro-
chanter overhanging proximal to the canal was cal-
culated as removal of overhanging bone during THR 
stem placement is commonly performed to maximize 
canal fill and optimize stem alignment. The location 
of the medial aspect of the greater trochanter rela-
tive to the canal in the transverse plane was recorded 
because a portion of the overhanging trochanter could 
be located cranial or caudal to the canal, decreasing 
the amount of bone overhanging the canal.

The VD and CCHB radiographic views underesti-
mated canal flare. We accepted the hypothesis that 
measurements of CFI from VD and CCHB views are 
inaccurate. Radiographic underestimation of CFI was 
caused by overestimation of diaphyseal width, due 
to magnification of the femoral diaphysis secondary 
to the lack of hip extension, and by underestimation 
of endosteal width at the lesser trochanter, possi-
bly due to superimposition of cortical bone.13 These 
errors were numerically smaller for CCHB views than 
for VD views as found in a previous study.26 We 
accepted the hypothesis that CCHB views were more 
accurate than VD views. This is because femurs are 

more perpendicular to the radiographic beam and 
more parallel to the cassette on CCHB views than 
on VD views, decreasing femoral parallax and dis-
tortion. An attempt was made to position the x-ray 
beam consistently. It is possible that a more precise 
position of the x-ray beam at the midpoint between 
the lesser trochanter and anticipated femoral isth-
mus would have decreased parallax and increased 
the accuracy of CFI measurements. In previous stud-
ies23,27 in dogs, a lack of hip extension on radiographic 
views led to femoral foreshortening and influenced 
geometric measurements. The size of the differ-
ence between radiographic and CT measurements of 
CFI in the current study was surprisingly large. An 
error in CFI of 0.45 (the bias identified in this study 
for VD views) would lead to a misinterpretation of a 
femur with a true CFI of 2.15 (a normal femur, with 
CFI > 1.8 and ≤ 2.4) to a perceived CFI of 1.70 (a 
stovepipe femur, with CFI ≤ 1.8),12 potentially influ-
encing the surgeon’s recommendations.28 A nega-
tive bias for radiographic measurements of CFI was 
also observed in a study comparing VD and CCHB 
radiographic measurements to anatomic measure-
ments.26 However, in that study, the bias between 
radiographic and anatomic CFI measurements was 
only 0.1. The source of the difference between 
these biases is not known. While both anatomic and 
CT-based measurements of CFI would likely be accu-
rate,29 they may differ slightly. Radiographic mea-
surements of CFI in the anatomic study may have 
been greater than measurements in the current study 
because they were collected from cadavers with nor-
mal hip joints instead of dogs with hip dysplasia. In 
the literature, mean radiographic measurements of 
CFI are greater in dogs with normal hip joints (2.09 
to 2.73)25,30–32 than in dogs undergoing THR (1.57 to 
1.98).14–16 Also, the breed distribution may have dif-
fered among studies. Breed-specific CFIs have been 
shown to vary widely.12,16,32–35 In the current study, 
the severity of OA did not have a statistical impact of 
the accuracy of radiographic measurements of CFI. 
This is most likely because OA changes are concen-
trated around the femoral head, femoral neck, and 
acetabulum rather than on the lesser trochanter and 
diaphysis. We rejected the hypothesis that the sever-
ity of OA influences the accuracy of CFI assessment.

Trochanteric overhang has been associated with 
varus orientation of the prosthetic stem in both 
canine and human THR.11,36,37 While TrO has a clear 
impact on THR in dogs, the peer-reviewed literature 
describing TrO is scant.10,11 A volumetric measure of 
TrO was developed to determine the actual amount of 
trochanteric bone that would be in the path of instru-
ments and implants during cementless THR. Based 
on correlation analysis, linear measurements of TrO 
were consistent with volumetric measurements of 
TrO, particularly for the CCHB radiographic view. 
Therefore, TrO measurements from radiographs can 
be used to reasonably predict the overhanging tro-
chanteric volume. When the position of the medial 
aspect of the greater trochanter was evaluated in 
the transverse plane, that position varied widely. 
The medial aspect of the greater trochanter was 
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lateral to the proximal extension of the canal in < 30% 
of the femurs, meaning that more than 2 thirds of 
the femurs in the current study had TrO. The medial 
aspect of the greater trochanter was within the prox-
imal extension of the canal in approximately a third 
of femurs and was cranial or caudal to the proximal 
extension of the canal in more than a third of femurs. 
The cranial or caudal position of the medial aspect of 
the greater trochanter relative to the canal was likely 
associated with femoral torsion. Cranial displace-
ment of the greater trochanter most likely resulted 
from external torsion of the femur, and, conversely, 
caudal displacement resulted from internal torsion. 
Femoral torsion varies widely among dogs. In 2 stud-
ies,29,38 the range of femoral torsion was approxi-
mately 30°. The wide range in the position of the 
medial aspect of the greater trochanter is similar to 
a finding in a sample of human femurs, where tro-
chanteric anteversion (the position of the greater 
trochanter relative to the anatomic axis of the femur 
in the transverse plane) varied from 17° to 73°.39 The 
variable position of the greater trochanter relative to 
the canal suggests that the radiographic assessment 
of TrO should include the assessment of the position 
of the greater trochanter relative to the mechani-
cal axis of the proximal portion of the femur in the 
sagittal plane in addition to the frontal plane. That 
evaluation can be based on an open-leg lateral view 
of the femur or a lateral view of the pelvis. On VD 
and CCHB views acquired with a cranial view of the 
stifle joint, a cranially or caudally located greater tro-
chanter would appear to be overhanging the canal. 
On open-leg lateral or lateral views acquired with 
the femoral condyles superimposed, the location of 
the greater trochanter cranial or caudal to the canal 
can be detected. The evaluation of the trochanteric 
position in the sagittal plane, however, can be chal-
lenging because of partial superimposition with the 
femoral head, femoral neck, and acetabulum.40

The VD and CCHB radiographic views underes-
timated TrO in the frontal plane. When considering 
the sagittal plane, however, the VD and CCHB radio-
graphic overestimated TrO because the medial aspect 
of the greater trochanter was not always located 
within the proximal extension of the medullary canal. 
The medial aspect of the greater trochanter was out-
side the proximal extension of the medullary canal in 
35% of femurs: cranial in 15% of femurs and caudal in 
20% of femurs. When the medial aspect of the greater 
trochanter was outside the proximal extension of the 
medullary canal, the TrO observed on radiographs 
overestimated the true TrO. We accepted the hypoth-
esis that measurements of TrO from VD and CCHB 
views are inaccurate. Subjectively, the underestima-
tion of TrO in the frontal plane was only marginally 
smaller on CCHB views than on VD views, suggesting 
that TrO underestimation did not solely result from 
foreshortening of the femur. Underestimation of TrO 
may have been due to the errors in capture of the ori-
entation of the lateral cortical and endosteal surfaces 
and the femoral long axis. Small errors in femoral shaft 
alignment were observed in 2 studies23,41 comparing 
CT and radiographic measurements. The source of the 

greater linear TrO index error (bias) present in larger 
dogs compared to smaller dogs is not known. Since 
an association between bodyweight and linear TrO 
index was not identified on radiographs or CT, geo-
metric differences among femurs from smaller and 
larger dogs were unlikely. Possibly, a difference was 
not identified because relatively few small dogs were 
included in the study. Positioning larger dogs for radio-
graphs was likely more challenging than positioning 
smaller dogs, potentially increasing positioning errors 
in large dogs. In the current study, the TrO grades cal-
culated from radiographic views using the previously 
reported TrO grading scheme11 differed from grades 
calculated from CT renderings in nearly half of the VD 
views and in nearly a third of CCHB views. This sug-
gests that further research is warranted to more accu-
rately characterize TrO based on radiographic views. 
The severity of OA did not have a statistical impact on 
the accuracy of radiographic measurements of TrO. 
This is most likely because OA changes only margin-
ally impact the greater trochanter. We rejected the 
hypothesis that the severity of OA and subluxation 
influence the accuracy of TrO assessment.

We accepted the hypothesis that femoral inter-
nal rotation of 10° decreases the accuracy of radio-
graphic assessment of CFI and TrO. This finding is in 
agreement with several studies42,43 that described 
inaccuracy in the geometric assessment of the canine 
femur resulting from rotational malpositioning. 
Differences in femoral rotation on radiographs and 
CT renderings were a possible source of inaccuracy of 
CFI and TrO measurements. Potential differences in 
rotational position between radiographic views and 
CT renderings, however, were minimized by orienting 
radiographs and CT renderings similarly and consis-
tently so that all projections approximated true cra-
niocaudal views of the distal portion of the femur. In 
3-D femoral geometry studies,18,44 the frontal plane is 
based on the axis joining the center of the medial and 
lateral femoral condyles or the axis joining the caudal 
aspect of the medial and lateral condyles.23,45,46

The current study had limitations. The radio-
graphic views evaluated did not include the caudo-
cranial femoral view, sometimes used to plan THR.2,41 
Canal flare was calculated using a single method, 
dividing endosteal width at the proximodistal mid-
point of the lesser trochanter by the width at the isth-
mus.12 The isthmus is approximately located at the 
distal aspect of the proximal third of the femur, and 
its position varies slightly among dogs.31 Alternative 
canal flare measurement methods that use the end-
osteal width at the proximal aspect of the lesser tro-
chanter or the diaphyseal width at the proximodistal 
femoral midpoint have been used to calculate canal 
flare,14,33,35 yielding differences in CFI comparable 
to those in the current study.25 Canal flare and TrO 
could have been evaluated using technically simpler 
CT methods, such as multiplanar reconstruction or 
maximum intensity projection.45,47 Canal flare and 
TrO could also have been evaluated on CT renderings 
with other controlled malpositions, such as a lack of 
hip extension. For those analyses, distorted sketch 
projections of femurs with differential magnification 
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could have been prepared by adjusting perspective 
settings in the computer-aided design software. The 
accuracy thresholds of 0.2 for CFI and 20% of canal 
radius for TrO were selected to represent potentially 
clinically impactful errors. These thresholds were sub-
jective. Volumetric TrO measurements were collected 
because they represent a more quantitative measure 
of overhang than the position of the medial aspect 
of the greater trochanter. The volume of overhanging 
bone likely estimates the technical difficulty of stem 
insertion during THR. However, the clinical impact of 
specific TrO on THR is not known. Several strategies, 
such as medializing the stem, altering stem antever-
sion, and selective rasping, may decrease the impact 
of TrO during the implantation of a press-fit stem. 
The presence of TrO also complicates the implanta-
tion of stems stabilized using bolts and screws. The 
clinical impact of the errors in measurements of CFI 
and TrO identified in the current study is unknown. 
Presumably, underestimating CFI would lead to an 
overestimation of the proportion of dogs deemed to 
have stovepipe femurs, potentially leading clinicians 
to implant more cemented stems.28 Underestimating 
TrO could lead to the implantation of undersized 
stems or to underestimation of the proportion of 
femurs requiring trochanteric rasping during THR to 
insert a stem without varus angulation.10,48 Future 
research could focus on evaluating the risks of sub-
sidence, fracture, or lack of bone ingrowth associated 
with the implantation of specific cementless stems 
in bones with varying CFIs and to evaluate safe and 
effective strategies to insert stems axially into femurs 
with TrO, including trochanteric osteotomies.49

We concluded that measurements of CFI and TrO 
from VD views, and, to a lesser extent, from CCHB 
views, are inaccurate relative to CT measurements. 
We also concluded that internal femoral rotation of 
10° decreases the accuracy of radiographic assess-
ment of CFI and TrO. The use of a CT scan of the femur 
to evaluate canal flare and TrO should be considered 
when measurements must be accurate and when 
planning THR in patients with femoral deformities.
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