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ABSTRACT

The purpose of this study was to report on the use of image analysis technology to enhance accuracy of intra-operative imaging and evaluation of
periacetabular osteotomy (PAO) correction. This was a retrospective study reporting on the first 25 cases of PAO performed with the use of an
image analysis tool. This technology was used intra-operatively to assess the position of the supine coronal image in comparison to pre-operative
standing images using a ratio of pelvic tilt (PT). Intra-operative PT, Tonnis angle, lateral center—edge angle (LCEA) and anterior wall index were
compared to post-operative images. Post-operative radiographic parameters in the study group were compared with a control group of PAO cases
performed prior to the implementation of the new software. The image analysis software was able to obtain intra-operative supine imaging that
was equivalent to pre-operative standing imaging. When comparing the PAOs performed with the use of the software versus those without, the
study group trended toward being more likely within the surgeon’s defined target range of radiographic values, which was statistically significant
for LCEA. This tool can be used to assure the surgeon that the intra-operative image being used for surgical decision-making is representative of
the functional radiograph. PAOs performed with the use of this technology showed enhanced accuracy of surgical correction for the parameters
within our defined target ranges. This may increase the ability of the surgeon to place the acetabular fragment more precisely within his or her

goal parameters for acetabular reorientation correction.

INTRODUCTION

Periacetabular osteotomy (PAO) is a technically challenging
operation with emerging guidelines regarding the ideal place-
ment of the acetabular fragment with reorientation [1-5].
Radiographic parameters currently used to determine optimal
position include assessment of acetabular retroversion, wall bal-
ance, Tonnis angle (TA) and lateral center-edge angle (LCEA)
of Wiberg [6-10]. However, these are difficult to directly mea-
sure on traditional intra-operative fluoroscopy.

Of these, version and wall balance have been recently sug-
gested to be the most important when considering long-term
patient outcomes [2, 4]. Both of these measurements have been
shown to be highly influenced by the position of the pelvis
at the time of imaging [11-14]. Therefore, it is imperative to
ensure that the intra-operative image is equivalent to the pre-
operative radiograph for proper surgical decision-making and
execution. Imprecise intra-operative imaging could lead to sub-
optimal placement and orientation of the acetabular fragment
[14-16]. Since many PAO surgeons utilize standing radio-
graphs pre-operatively, this adds an additional challenge intra-
operatively when imaging is necessarily performed in a supine
position.

PAO surgeons currently use both plain films and fluoroscopy
to assess osteotomy correction, based on preference [8, 15,17,
18]. Our institution’s preference has been to utilize fluoroscopy
intra-operatively, as we have found that fluoroscopy allows us to
more easily adjust the tilt of the beam to match our pre-operative
standing radiographs, and have found this helpful in improving
operative workflow.

Newer technologic advances in digital radiography have been
shown to increase accuracy of acetabular component position-
ing in total hip arthroplasty [19, 20]. One digital radiogra-
phy resource (Radlink) is compatible with standard fluoroscopy
equipment and includes image analysis and measurement capa-
bilities. It interfaces with the fluoroscopy unit to stitch together
multiple fluoroscopic images in real time to obtain a complete
coronal view of the pelvis. This allows the surgeon to directly
compare and adjust the overall tilt and version of the intra-
operative image to be as similar as possible to the pre-operative
radiographs. In addition, the system also allows for direct mea-
surement of radiographic parameters on the fluoroscopic images
during the surgery.

The main purpose of this study was to report on the use
of intra-operative image analysis technology to enhance the
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accuracy of intra-operative imaging. Secondly, to assess and com-
pare acetabular correction, based on radiographic parameters,
following PAO surgery with and without the use of this tech-
nology. Our hypothesis was that the analysis software would
increase our ability to obtain identical intra-operative pelvic
images compared to standing pre-operative images. Secondly, we
hypothesized that the use of this software would enhance the
surgeon’s ability to achieve radiographic outcomes within a spec-
ified range including LCEA, TA, anterior wall index (AWTI) and
acceptable version assessment.

MATERIALS AND METHODS
Patient inclusion

This is an institutional review board-approved study that fell
under the scope of our Hip Preservation Registry. Image analy-
sis software (Radlink) was implemented in late 2019 and used
whenever technologic resources were available for each PAO
after that time point.

The study group consisted of all PAO cases performed with
the use of image analysis up to the date of this study. This con-
sisted of 25 consecutive PAOs that underwent surgery between
2019 and 2020, after the standard implementation of this tool.
No cases were excluded in this time period. The control group
consisted of the 40 consecutive PAO cases performed immedi-
ately prior to the implementation of Radlink in late 2019, to
minimize any learning curve or experience bias. All surgeries
were performed by the senior author (E.S.). All consecutive cases
were included in both cohorts, and none were excluded based on
the presence or absence of prior or concurrent hip arthroscopy,
femoral osteochondroplasty or intra-articular procedures.

Indications for PAO at our institution include radiographic
evidence of hip dysplasia with failure of non-operative manage-
ment and minimal radiographic osteoarthritis (Tonnis grade 0
or1),in setting of a congruent hip joint on a von Rosen view.

The surgical technique is previously described by the senior
author in 2012 [21]. The procedure has since been modified
slightly to include a curvilinear incision beginning one centime-
ter distal and medial to the anterior superior iliac spine and
curving cephalad along the iliac spine.

The standard radiographic protocol for the senior author
involves routine anteroposterior standing radiographs taken pre-
operatively, and at regular intervals post-operatively starting
at 6 weeks and continuing at intervals of 3 months, 6 months
and then yearly radiographs. For the purpose of this study,
pre-operative standing radiographs and 6-month post-operative
standing radiographs were included for all patients. LCEA, AWI
and TA were recorded for all patients [6, 10, 22]. Version was also
classified as acceptable for each patient as adequate if there was
an absence of retroversion with no crossover sign, and absence of
excessive anteversion (AWI < 0.1) [2, 6, 7].

Intra-operative digital radiography and analysis technique
The Radlink software system interfaces with traditional fluo-
roscopy intra-operatively and is able to stitch incremental fluo-
roscopic images together in order to obtain a complete coronal
image of the entire pelvis in real time, theoretically eliminating
parallax distortion [23]. Additionally, it allows for direct digital
measurements on its system.
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Fig. 1. Intra-operative configuration with pre-operative AP pelvis
radiograph on top panel, and intra-operative stitched fluoroscopic
digital image on bottom panel.

After a preliminary osteotomy correction was achieved, a fluo-
roscopicimage centered on the pelvis was taken and corrected for
rotational alignment with the goal of the coccyx being centered
to the pubic symphysis. The quality of the image with regard to
pelvic tilt (PT) (inlet or outlet) was then directly compared by
matching a ratio of the pelvic width versus height on the pre-
operative standing radiograph with the image intra-operatively
using the image analysis system (Fig. 1). The tilt of the beam was
then adjusted in order to achieve an intra-operative PT that was
equal to the pre-operative PT ratio, as described in previous work
[24]. In these cases, a ratio slightly less than the pre-operative
PT (i.e. more outlet) was preferred to being slightly greater than
pre-operative PT (i.e. more inlet).

After PT was adjusted to be within range, three additional
fluoroscopic images were obtained consecutively from the oper-
ative to the non-operative hip, to include the full width of the
pelvis. These images were stitched together to obtain an equiv-
alent entire coronal view of the pelvis using fluoroscopy. Once
the image was reconstructed, the LCEA, AWI and TA were mea-
sured, and the process was repeated until the desired correction
was achieved.

Study group

TA, LCEA and AWI were measured on all intra-operative
stitched fluoroscopic images by a trained professional using the
Radlink system with approval of the operating surgeon. Version
was also classified as ‘adequate’ or ‘inadequate’ at 6 months as
described above.
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Table I. Summary of postoperative radiographic measurements in both groups
Study group Control group

Variable Mean SD Median Min Max Mean SD Median Min Max
LCEA 35.1 2.63 35 40 30 35.6 4.1 36.7 26.8 429
TA -2.47 4.44 -3.1 -89 13.7 -2.81 4.62 -3.15 -9.7 14.2
AWI 0.31 0.09 0.32 0 0.47 0.31 0.08 0.31 0.08 043
Table II. Agreement between intra-operative Radlink imaging and 6-month post-operative PACs imaging
Radiographic
measurement Mean difference (95% CI) P ICC (95% CI) P
LCEA 221 (0.69 t0 3.27) 0.006 0.79 (0.58 t00.9) <0.001
TA -3.71 (-S5.15t0 -2.27) <0.001 0.33 (-0.07t0 0.63) 0.05
AWI -0.03 (-0.06 t0 0.01) 0.201 0.36 (0.03 t0 0.65) 0.03
PT (Po-I) -0.04 (-0.07 to —0.01) 0.013 0.82 (0.64t0 0.92) <0.001
PT (I-Pr) -0.05 (-0.08 to —0.02) 0.00S 0.84 (0.67 t0 0.93) <0.001

CI = confidence interval, Po-I = post-operative to intra-operative imaging, I-Pr = intra-operative to pre-operative imaging.

Table III. Equivalence testing for pre-operative, intra-operative
and post-operative PT

Table IV. Mean differences for each radiographic parameter
between the study and control groups

Comparison Mean difference 95% CI P

Post-Pre -0.01 (~0.04 t0 0.02) <0.001
Intra-Pre 0.03 (0.02 t0 0.05) <0.001
Post-Intra -0.04 (-0.07 to -0.01) <0.001

Post = post-operative, pre = pre-operative, intra = intra-operative.

The intra-operative LCEA, TA, PT and AWI measured on
Radlink were then compared to 6-month post-operative radio-
graphic measurements as measured with conventional methods
via our institution’s picture archiving and communication system
(PACs) on post-operative radiographs (Table II). These mea-
surements were performed by a hip preservation fellow who had
previously completed a pediatric orthopedic fellowship. Equiva-
lence testing for PT at all time points at a margin of error <0.1
was performed in order to assess the ability of the software to
help replicate pre-operative PT intra-operatively and at 6 months
post-operatively (Table III).

Control group
The control group consisted of 40 consecutive PAOs prior to the
institution of the Radlink system in 2019. Intra-operative mea-
surements could not be obtained secondarily to the constraints
of using standard fluoroscopy alone. TA, LCEA, AWI and ver-
sion (as described above) were recorded on 6-month standing
post-operative radiographs.

Comparison between study and control groups

As there is no ‘gold standard’ for the radiographic parameters
describing the ideal placement of the osteotomy fragment, pre-
viously reported normative data in coordination with the senior
author’s experience were used to define a range of ‘target’ values
for LCEA, TA, AWI and acceptable version [2]. The parameters
of LCEA within 25-40°, TAbetween —5° and 10°, AWI between
0.30 and 0.51 and acceptable version as defined as both by an

Difference
Measurement (study-control) 95% CI P
LCEA -0.03 -0.07,0.01 0.197
TA -0.94 -3.17,1.28 0.383
AWI -0.03 -0.07,0.01 0.201

Table V. The proportion of cases within target range between the

study and control groups

Variable Study Control p

LCEA 21 (84%) 31 (78%) 0.888
TA 15 (60.0%) 28 (70%) 0.407
AWI 13 (52%) 23 (58%) 0.664
Version 23 (92%) 33 (83%) 0.244

absence of retroversion and exclusion of excessive anteversion
(AWI < 0.1) were used in this study [2, 6, 7, 9]. The proportions
of patients who fell within the defined ranges for each radio-
graphic variable were compared between cohorts (Table V).

Statistical analysis

Differences between intra-operative and post-operative mea-
surements in the study group were compared used the paired-
samples t-test in Table II. Additionally, equivalence testing for
PT at all time points at a margin of error <0.1 was performed
(Table III).

Measurements at 6-month post-operative radiographs were
compared between the study and control groups using a two-
sample t-test in Table IV. The proportion of cases within each
defined radiographic range was compared using a chi-square or
Fisher’s exact test as appropriate in Table V. Histograms with
density (bell) curves of the data in Table V, broken down by
group, were constructed and are shown in Fig. 2.
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Fig. 2. Histogram showing the distribution of radiographic values in the control and study groups for LCE, TA and AWL

RESULTS

The observed post-operative radiographic data for LCEA TA,
and AWI for both the control and study groups are summa-
rized in Table I. PT was equivalent across all three time points,
indicating that we were able to obtain supine intra-operative
coronal plane imaging using the intra-operative PT ratio equiv-
alent to both pre-operative and post-operative standing imaging
(Table III).

When examining the study group, the AWI did not differ
significantly between intra-operative and post-operative imag-
ing, although a small but significant difference in TA (-3.71°,
P<0.001) and LCEA was observed (2.21°, P = 0.006)
(Table II). Intra-class correlation coefficients (ICCs) for LCEA,
Tonnis and AWI were 0.79-0.36 (Table II); however, the pro-
portion of cases within 3° compared intra-operatively to post-
operatively was 100% (LCEA) and 64% (TA), and proportion
of AWI within 0.1 was 76%.

At 6 months, post-operative radiographic continuous differ-
ences for LCEA, TA and AWI between the study and control
groups did not significantly differ (Table IV). LCEA did statis-
tically improve in the study group; however, no statistically sig-
nificant differences in the proportion of cases within our defined
target range for TA, AWI or version in the study group were found
when compared to the control group (Table V).

The use of the image analysis software did overall result in
a narrower range of values for each radiographic parameter

(Fig. 2).

DISCUSSION

Overall, the use of the image analysis software in our study
had two main important functions: to help provide an accu-
rate way of obtaining intra-operative imaging equivalent to our
pre-operative imaging including PT and to enhance acetabu-
lar correction accuracy in multiple planes compared to using
intra-operative fluoroscopy alone.

The use of this technology did overall result in a narrower
range of values for each radiographic parameter, indicating that
the software helped improve the accuracy of surgical correction
for each measurement within our defined target ranges (Fig. 2).

There is still debate concerning the most appropriate imaging
to use when evaluating hip pain (standing versus sitting) [15].
However, regardless of which position the surgeon chooses to
have pelvis radiographs taken pre-operatively, the software such
as the system used in our study allows the surgeon to closely
replicate the pre-operative image, thus aiding in intra-operative
decision-making.

Several studies have been published demonstrating the use of
fluoroscopy alone in evaluating intra-operative positioning of the
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PAO fragment with good results [8, 17, 18]. One work found
that agreement between fluoroscopy and post-operative radio-
graphs ranged from 0.63 to 0.80 for multiple different acetab-
ular measurements including LCEA, TA, anterior center—edge
angle (ACEA), AWI and posterior wall index [8]. Two oth-
ers reported moderate to high correlations of TA, ACEA and
LCEA when comparing intra-operative and post-operative imag-
ing [17, 18]. In this study, we did find lower ICCs for Tonnis and
AWI when comparing intra-operative to post-operative imag-
ing than previously reported (Table II). However, LCEA was
within 3° in 100% of cases, TA was within 3° in 64% of cases
and AWI was within 0.1 in 76% of cases. When looking at cases
upon which LCEA did disagree, in two instances os acetabuli
were measured differently and in four instances, re-measurement
of either the intra-operative or post-operative radiograph with
replacement of the femoral head circle resulted in closer
measurements.

In this current work, we found a mean difference of —0.03 in
AWIwhen comparing our 6-month post-operative radiograph to
intra-operative imaging data which was not statistically signifi-
cant, indicating the intra-operative measurement would reliably
predict the 6-month post-operative AWI. We found a difference
of—3.71° for TA and 2.21° for LCEA, which were statistically but
are not clinically significant. This is in comparison to mean differ-
ences reported in one study as LCEA of —2°, TA 2° and AWI of
0.02 [8].

The advantage that this software may provide is in those mea-
surements directly or indirectly indicative of acetabular version.
Importantly, the acetabular version that is dependent on PT can
be better evaluated intra-operatively with image analysis tech-
nology, as we found that the software was able to accurately
represent the PT on pre-operative and post-operative standing
radiographs.

Although there is still no definitive conclusion about the
‘optimal’ placement of the acetabular fragment in the setting of
PAOs, normative data exist for the parameters used in this study.
Long-term outcomes from PAO surgery are likely to be at least
partly directly impacted by position of the osteotomy fragment
[1,2,25].

Regardless of which target range of radiographic parameters
each individual surgeon believes to be ideal for PAO placement,
the use of image analysis can increase the ability to achieve values
within defined parameters intra-operatively. Our study showed
that overall, the use of this software did increase the ability of
the surgeon to place the fragment within a specified target range
for commonly used radiographic parameters as shown in the
histograms depicting these data in Fig. 2.

In a recently published article reviewing radiographic predic-
tors of PAO survivorship, ACEA was shown to be significantly
indicative of survivorship [2]. ACEA was not included in the
current study secondary to lack of access to all false profile intra-
operative imaging retrospectively. Throughout the time course of
this study, the protocol has now evolved to routinely obtaining,
measuring and documenting anterior center—edge digital radio-
graphic images intra-operatively on every patient. Because this
study represents the first 25 cases using the software, the data set
included is not fully representative of the current protocol that
evolved throughout the use of this tool.

Use of image analysis software increases accuracy 329

There were several limitations to this study. Both cohorts
had small numbers of patients, which may have prevented us
from seeing a statistical difference that exists or does not exist
were more cases available to be included in the study. The sec-
ond limitation to this study is the lack of a validated acceptable
range of difference for the PT ratio using the image analysis soft-
ware. Obviously identical intra-operative and pre-operative PT
ratios would indicate the best intra-operative imaging quality.
However, intra-operatively we did note a parallax effect when
obtaining the separate images in order to stitch together a com-
plete coronal view of the pelvis. Consequently, in some cases
an intra-operative PT ratio within 0.1 of the pre-operative ratio
was deemed acceptable. The significance of this margin of differ-
ence is unknown, but this specific technique has been validated
in the arthroplasty literature for acetabular component position-
ing in both anteversion and abduction, which is similarly reliant
on the quality of intra-operative PT [15, 19, 20]. Regardless it
did not affect prediction of AW], acetabular version or 6-month
PT accuracy.

We recommend that if an intra-operative pelvic tilt ratio is
used that is not identical to the pre-operative pelvic tilt, this
image should err on the side of more outlet rather than more
inlet. This will ensure that the anterior wall coverage is not
inadvertently overestimated on intra-operative imaging and sub-
sequently decrease the risk of inadvertent insufficient anterior
correction.

Finally, although we hypothesize that outcomes are related to
the degree and ability by which we are able to correct the acetab-
ular dysplasia, patient-reported outcomes were outside of the
scope of the current study.

Most importantly, this study demonstrated that using the digi-
tal radiography system ensured that there was no change between
PT, AWI, or LCEA when comparing intra-operative and post-
operative imaging. This allows the surgeon to have confidence
that, with a properly positioned image, the radiographic mea-
surements that were satisfactory intra-operatively will not appear
differently post-operatively. This may be particularly helpful early
in the learning curve of PAO surgeons to give them instant feed-
back on the acetabular correction.

In conclusion, the use of image analysis technology is an effec-
tive way of obtaining intra-operative images representative of
pre-operative functional imaging and may improve our ability
to judge intra-operative positioning of the acetabular fragment.
Our study demonstrated that the use of image analysis software
may enhance the precision of obtaining radiographic correction
in multiple planes within a defined target range.
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