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Background: Leg length discrepancy (LLD) is a common complication after total hip arthroplasty (THA)
leading to significant morbidity and dissatisfaction for patients. A popular system for robotic arm-
assisted THA utilizes preoperative computed tomography (CT) scans for surgical planning. Accurate
measurement of leg length is crucial for restoring appropriate patient anatomy during the procedure.
This study investigates the interobserver and interlandmark reliability of 3 different pelvic landmarks for
measuring preoperative LLD.
Methods: We compiled preoperative pelvic CT scans from 99 robotic arm-assisted THAs for osteoar-
thritis. Radiologic leg length measurement was performed using the robotic arm-assisted THA applica-
tion by 2 orthopaedic residents using reference lines bisecting the following pelvic landmarks: the
anterior superior iliac spines, acetabular teardrops, and most inferior aspect of the ischial rami.
Results: On multivariate analysis, there was no significant difference found (P value ¼ .924) for leg length
measurement based on the 3 different pelvic anatomical landmarks. Leg length measurements showed
interobserver reliability with significant Pearson correlation coefficients (r ¼ 1.0, 0.94, 0.96, respectively)
and nonsignificant differences in LLD means between subjects on paired sample (P value ¼ .158, .085,
0.125, respectively) as well as between landmarks on pairwise comparison.
Conclusions: The 3 pelvic landmarks used in this study can be used interchangeably with the lesser
trochanter as the femoral reference point to evaluate preoperative LLD on pelvic CT in patients under-
going robotic-arm assisted THA. This study is the first of its kind to evaluate the interobserver and
interlandmark reliability of anatomical landmarks on pelvic CT scans and suggests interchangeability of 3
pelvic landmarks for comparing leg length differences.
© 2023 The Authors. Published by Elsevier Inc. on behalf of The American Association of Hip and Knee
Surgeons. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/lice

nses/by-nc-nd/4.0/).
Introduction

Clinically significant leg length discrepancy (LLD) is among the
most common causes of patient dissatisfaction after total hip
arthroplasty (THA) with an incidence rate up to 50% [1,2]. Excessive
LLD can lead to decreased hip stability [3] and patient dissatisfac-
tion [2,4], as well as increased back pain or sciatica [5,6], gait dis-
orders [7], and litigation [8-10].
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Accurate measurement of LLD therefore represents an impor-
tant component of the approach to preoperative planning in THA.
Several techniques, both radiological and clinical, have been
developed for this purpose, with the most common clinical tech-
nique being the tape measure method (anterior superior iliac spine
to medial malleolus) and the most common radiological technique
being full-length standing anterior-posterior radiograph [11,12].
When LLD is related to disease of the pelvis, hip, or proximal femur,
as in hip osteoarthritis, measurement can be performed on
anterior-posterior pelvic imaging using pelvic and femoral land-
marks alone. Common femoral reference points include the center
or tip of the femoral head or the most medial prominence of the
lesser trochanter. Common pelvic landmarks include the inferior
sociation of Hip and Knee Surgeons. This is an open access article under the CC BY-
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Figure 1. Pelvic landmark selection workflow on CT image; ASIS landmark. Selection is made on transverse (a), coronal (c), and sagittal (d) views with 3D composite representation
(b). CT, computed tomography; 3D, 3-dimensional.
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end of the acetabular teardrop, the caudal end of the ischial tu-
berosity, and the anterior superior iliac spine (ASIS) as described
and used by many authors [13-20]. Prior investigations have
resulted in contradictory evidence regarding the reliability of each
of these landmarks for use in accurately determining LLD using
plain radiographs [13,18,19], but similar investigations have not
Figure 2. Femoral landmark selection workflow on CT image; Lesser trochanter landmark. S
representation (b). CT, computed tomography; 3D, 3-dimensional.
been performed using computed tomography (CT) scans for pelvic
imaging.

Some robotic arm-assisted THA systems require a CT scan for
preoperative planning, and LLD measurement can be performed on
these scans using the aforementioned landmarks. Being CT based,
this specific platform may provide a more accurate means to
election is made on transverse (a), coronal (c), and sagittal (d) views with 3D composite



Figure 3. Leg length discrepancy (LLD) measurement using ASIS-ASIS line (arrowhead)
and lesser trochanters (arrows). ASIS, anterior superior iliac spine.

Figure 5. Leg length discrepancy (LLD) measurement using bi-ischial line (arrowhead)
and lesser trochanters (arrows).
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measure leg length differences as compared to traditional
radiograph-based methods. [21-23]. The goal of this study was to
compare the reliability of 3 commonly used pelvic reference
landmarks in accurately measuring LLD as measured using a CT-
based 3-dimensional capable templating software. Our null hy-
pothesis was that there is no difference between the LLD as
measured by the pelvic landmarks described.
Material and methods

Institutional review board approval was obtained prior to the
initiation of the study. A retrospective review was performed on
105 consecutive patients who underwent robotic arm-assisted THA
(Mako robotic arm-assisted total hip, Stryker, Mahwah, New Jersey
USA) with preoperative pelvic CT at a full-service hospital in the
Midwestern United States between August 2018 and March 2021.
The sample size of this study was derived through power analysis,
and represented every patient that underwent THA with the Mako
system from a single provider during the stated time period. Supine
CT images were taken during preoperative planning in accordance
with the THA CT scanning protocol per manufacturer recommen-
dations. Images were stored as Digital Imaging and Communica-
tions in Medicine (DICOM file) on a Picture Archiving and
Communication System (Agfa HealthCare, Mortsel, Belgium). Im-
ages were then imported into the MAKOplasty Total Hip Applica-
tion for segmentation, landmark identification, and preoperative
leg length measurement.
Figure 4. Leg length discrepancy (LLD) measurement using interteardrop line
(arrowhead) and lesser trochanters (arrows).
Inclusion criteria included all patient ages, all sex categoriza-
tions, unilateral arthroplasty for any surgical indication, and no
patient with clinically detectable active infection. Six patients had
current or prior pathology that affected the anatomical landmarks
making them ineligible for the study. Thus, 99 of the 105 images
met the inclusion criteria for analysis.

Radiologic leg length measurement was performed using the CT-
based Total Hip Application by 2 independent orthopaedic residents
who were blinded to each other’s work. For each image set, reference
lines were drawn at 3 anatomic landmarks of the pelvis: (1) The ASIS-
ASIS line, connecting the centers of bilateral ASISs; 2) the intertear-
drop line, connecting the caudal margin of the bilateral acetabular
teardrops, and 3) the bi-ischial line, connecting the caudal margin of
the bilateral ischial tuberosities. Radiological leg lengths were calcu-
lated by the software as the distance between each pelvic reference
line and a single femoral reference point, the most prominent tip of
the lesser trochanter. LLD was calculated by the Total Hip Application
planning page by subtracting the operative leg length from the
nonoperative leg length. The workflow of pelvic and femoral land-
mark selection is depicted in Figures 1 and 2, respectively. The LLD
measurement process is displayed in Figures 3-5. A positive LLD value
was reported when the operated limb was longer than the contra-
lateral side, while a negative value indicated the opposite. Radiological
measures were reported with a 1-mm precision scale.

Statistical analyses were conducted using the SPSS Statistics,
version 28 (IBM, Armonk, New York). Descriptive statistics pro-
vided in Table 1 are mean with standard deviation. Pearson corre-
lation coefficient and paired t-test were used to examine the
interobserver consistency of the 2 reviewers. The differences
among the leg length measurements based on 3 different pelvic
anatomical landmarks (ASIS-ASIS line, interteardrop line, and bi-
ischial line) were tested by repeated-measure analysis of vari-
ance. All the analytical results were considered to be significant
when P values were less than or equal to .05.
Table 1
Descriptive statistics of LLD measurements in the study population.

Pelvic landmark Total Mean SD Minimum Maximum

ASIS-ASIS line 99 �4.616 6.5776 �49 8
Interteardrop line 99 �4.525 6.8922 �54.5 9
Bi-ischial line 98a �4.582 7.4053 �49 7.5

LLD, leg length discrepancy; SD, standard deviation; ASIS, anterior superior iliac
spine.

a One patient’s bi-ischial line value was not measured by one of the reviewers.



Table 2
Multivariate statistical analysis results.

Three pelvic landmarks Value F Hypothesis df Error df P value

Pillai’s Trace 0.002 0.080 2.00 96.00 .924
Wilks’ Lambda 0.998 0.080 2.00 96.00 .924
Hotelling’s Trace 0.002 0.080 2.00 96.00 .924
Roy’s Largest Root 0.002 0.080 2.00 96.00 .924

Figure 7. Linear regression of interobserver LLD measurement using the Interteardrop
line with Pearson correlation coefficient. LLD, leg length discrepancy.
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Results

On multivariate analysis, there was no significant difference
found (P-value ¼ .924) for leg length measurement based on the 3
different pelvic anatomic landmarks (ASIS-ASIS line, interteardrop
line, and bi-ischial line) as reported in Table 2. The leg length
measurements from both reviewers were consistent with signifi-
cant Pearson correlation coefficient (r ¼ 1.0, 0.94, 0.96, respec-
tively), as seen in Figures 6-8 and nonsignificant differences in
means (P value ¼ .158, .085, 0.125, respectively), as seen in Table 3.
Finally, nonsignificant differences were found through pairwise
comparison between each of the pelvic landmarks as reported in
Table 4. The null hypothesis was not rejected.

Discussion

LLDs are very common in the general populationwith LLDs of up
to 10 mm existing in 60%-95% of the population. However, not all
patients with LLDs present with symptoms or functional deficits
[24]. Typically, LLDs less than 5 mm are asymptomatic, whereas
LLDs that are greater than 2 cm are nearly always symptomatic
[9,24]. LLD-associated symptoms following THA can include back
pain, gait disorders, dislocation, and neuritis [6,7,25].

LLDs can be found postoperatively in up to 50% of THA patients,
and this is one of the leading causes of patient dissatisfaction after a
THA [1,2]. According to the American Association of Hip and Knee
Surgeons, LLD was the second highest cause for malpractice law-
suits against orthopaedic surgeons in 2007 [9,10]. Some experts
recommend that surgeons avoid LLDs greater than 1 cm when
performing THA [24]. Since LLDs can impact a patient’s overall
satisfaction and functionality, efforts to reduce the incidence of
symptomatic postoperative LLD are an important avenue of study.

Robotic assistance has been shown to help reduce LLD in pa-
tients undergoing THA [21-23]. As arthroplasty technology evolves,
Figure 6. Linear regression of interobserver LLD measurement using the ASIS-ASIS line
with Pearson correlation coefficient. ASIS, anterior superior iliac spine; LLD, leg length
discrepancy.
investigations to validate various landmarks and compare them to
each other in addressing LLD become important. This study was an
attempt to compare 3 landmarks and their contributions in the
analysis of LLD.

Accurate leg length measurement is highly dependent on im-
aging modality. Measurements can be distorted on plain film by
factors such as magnification, distance from the radiograph source
to the cassette, or pelvic rotation [9,26]. Historical attempts to
correct for these variables include full-length imaging techniques
such as the orthoroentgenogram, teleoroentgenogram, and CT
scanogram, which have been shown to be more reliable and ac-
curate than standard plain films [14,26]. However, these modalities
involve greater radiation exposure than is necessary when
comparing preoperative and postoperative images of patients un-
dergoing THA, where potential changes in the leg length occur only
within the operative site about the hip and pelvis. CT scan with
digital localization image has been shown to be an even more
reliable imaging modality, but is infrequently used due to cost,
inconvenience, and radiation exposure concerns [26]. However,
these drawbacks are obviated for patients receiving robotic THA as
the use of the robotic targeting system requires a preoperative CT
scan. Patient positioning appears to have little effect on measure-
ment; it has been demonstrated that weight-bearing imaging
Figure 8. Linear regression of interobserver LLD measurement using the Bi-ischial line
with Pearson correlation coefficient. LLD, leg length discrepancy.



Table 3
Paired samples statistical analysis results.

Pelvic landmark pair (observer 1 vs 2) Mean difference SD SEM 95% confidence interval of the
difference

t df P value

Lower bound Upper bound

ASIS-ASIS line �0.020 0.141 0.014 �0.048 0.008 �1.421 98 .158
Interteardrop line �0.444 2.544 0.256 �0.952 0.063 �1.738 98 .085
Bi-ischial line �0.306 1.960 0.198 �0.699 �0.087 �1.546 97a .125

SD, standard deviation; SEM, standard error of the mean; ASIS, anterior superior iliac spine.
a One patient’s bi-ischial line value was not measured by one of the reviewers.
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modalities do not differ significantly from supine modalities when
measuring leg length [26-28]. Measurements based on supine CT
scan theoretically eliminate projection inaccuracies seenwith plain
films in patients with contractures at the hip or knee.

Various authors have argued for the reliability of each of the
landmarks used in the present study. The interteardrop line has
been found to be the most reliable pelvic landmark when
comparing plain films to “True LLD” (ie, LLD as measured by block
testing or tape measure), and it has been demonstrated that the
vertical position of the teardrop points is not affected significantly
by the rotation of the pelvis [18,29]. However, recent investigations
have conversely found that in suboptimal radiographs, such as
some intraoperative plain films, relationships between classically
used landmarks such as the pelvic teardrops may be distorted. In
this case, the obturator foramen was found to be the most reliable
landmark resistant to these distortion effects, and the teardrops
were the least reliable [9]. Other investigators have concluded that
measuring from the inferior aspect of the ischial tuberosities to the
most prominent medial point on the lesser trochanter is the su-
perior method for measuring LLD but still experienced large error
margins [13].

The present study revealed a trend, as demonstrated by a
Pearson correlation coefficient of 1, that interobserver reliability
was highest when measuring LLD using the ASIS-ASIS line as the
pelvic landmark. However, this finding did not achieve statistical
significance (P-value ¼ .158). As no significant difference was
found between measurements of LLD, the present study serves
as evidence that each of these pelvic landmarks are equally
reliable when assessing LLD on CT imaging. Although the mea-
surements were performed by residents trained through in-
struction by a single attending surgeon, we believe that the
interobserver findings support that the measurement were
taken correctly and consistently. To better understand the effect
of levels of experience on measurement, future methodology can
include multiple observers with different levels of experience to
increase the power of interobserver findings. It is possible that
no significant difference was seen because most of the subjects
included in this study had preoperative differences of less than
Table 4
Pairwise comparison statistical analysis results.

Pelvic landmark 1 Pelvic landmark 2 Mean difference

ASIS-ASIS line Interteardrop line �0.133
Bi-ischial line �0.092

Interteardrop line ASIS-ASIS line 0.133
Bi-ischial line 0.041

Bi-ischial line ASIS-ASIS line 0.092
Interteardrop line �0.041

SEM, standard error of the mean; ASIS, anterior superior iliac spine.
10 mm with all landmarks. Patients with more coronal obliquity
of the pelvis (whether related to a flexion contracture of an
arthritic hip or a spinopelvic deformity) who consequently have
more significant differences in preoperative leg length may have
a greater degree of variability in the LLD measurements obtained
using the 3 methods.

The current study is limited by the lack of comparative clinical
measurements of subjects’ True LLD as it has been shown that LLD
as measured by pelvic landmarks on plain radiograph differs
significantly from True LLD (as measured by block testing or tape
measure) [18,19]. The findings of this study are exclusively appli-
cable to preoperative pelvic CT scans, and further study is required
to understand the applicability with plain radiographs, or in the
setting of intraoperative and postoperative imaging. The findings
are also limited to the particular technology and software used in
the analysis and may not be generalizable to other technologies or
clinical situations. Furthermore, other literature has determined
that True LLD correlates more accurately to patient perception of
LLD than LLD asmeasured by CT scanogram [30]. As these questions
have not been assessed when using standard CT scans, comparison
of LLD asmeasured in the current study to clinical measurements of
True LLD represents a clinically important avenue of future
investigation.
Conclusions

From this study, we propose that most of the time, in routine
total hip arthroplasty cases, any of the 3 pelvic landmarks
assessed (ASIS-ASIS line, interteardrop line, and bi-ischial line)
can be used interchangeably with the lesser trochanter as the
femoral reference point to evaluate preoperative LLD on pelvic CT
in patients undergoing robotic-arm-assisted THA. This investiga-
tion is the first of its kind which studies the interobserver and
interlandmark reliability of anatomical landmarks on pelvic CT
scans and provides valuable information for optimizing the ac-
curacy of radiological leg length measurement.
SEM 95% confidence interval of the
difference

P value

Lower bound Upper bound

0.336 �0.799 0.534 .694
0.495 �1.074 0.891 .853
0.336 �0.534 0.799 .694
0.394 �0.741 0.823 .918
0.495 �0.891 1.074 .853
0.394 �0.823 0.741 .918
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