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Abstract

Total Hip Arthroplasty (THA) remains the gold standard of treatment for patients who suffer
with a variety of hip-related pathological degeneration or trauma. These patients often exhibit
significantly less post-operative pain and an increase in the range of motion of the joint, but
there are still relatively common instances of debilitating periprosthetic complications that call
into question the method for pre-surgical implant choice. Currently, there are two principal
options for THA prostheses: cemented or non cemented. Utilizing the cemented procedure
ensures a faster acquisition of adequate implant stability than with the non cemented
procedure, but can eventually lead to an increased periprosthetic fracture risk. Non cemented
prosthetic stems are more frequently revised within the first few years following THA due to
periprosthetic fracture, but non cemented revision surgeries generally result in fewer
complications than those of cemented implants. Surgeons typically rely on experience or
simple patient metrics such as age and sex to prescribe which implant procedure is optimal,
and while this may work for most patients, there is a clear need to analyze more rigoriously
patient conditions that correlate to optimal post-THA outcomes. The results from the
investigation reported herein indicate that an understanding of how the percent composition
and quality of a patient's quadriceps muscle in both healthy and operated legs may be a better
indicator for prosthetic choice. Additionally, these data emphasize that the traditional metrics
of age and sex inadequately predict changes in quadriceps composition and quality and thereby
have comparatively minor utility in determining the patient-appropriate prosthetic type.
Key Words: Total Hip Arthroplasty, Prosthetic selection, Muscle size and quality, Anatomical
modeling, Surgical planning.
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For decades, Total Hip Arthroplasty (THA) has been
the gold standard of treatment for patients suffering
with osteoarthritis of the hip or fracture-induced
osteonecrosis of the femoral head or neck. While this
procedure remains one of the most -efficacious
modalities for both reducing patient pain and restoring
hip  function, post-operative complications and
revisions are relatively common, primarily due to
localized fracture or periprosthetic unloading.*? The
procedure has historically been prevalent in countries
with relatively high life spans, like the Nordic
community.*® However, despite the prevalence of the
procedure in these countries, annual reports from the
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national arthroplasty registries indicate differences in
choices of implant brands, fixation methods, and
overall prosthetic survival a notion which
necessitates the development of an innovative and
collaborative approach to THA planning.®®

Currently, there are two principal options for THA
prostheses: cemented or non cemented. Utilizing the
cemented procedure ensures a faster acquisition of
adequate implant stability than with the non cemented
procedure, but can eventually lead to an increased
periprosthetic fracture risk due to the reduction in local
bone density from reduced local mechanical stress.’
Without the use of cement, prosthetic stability initially
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relies on frictional forces generated by geometrical
interlocking (press-fitting), but is then secured by bone
ingrowth into the femoral contact surface — a
phenomenon encouraged by the preloaded fitting.*
Non cemented prosthetic stems are more frequently
revised within the first few years following THA due
to periprosthetic fracture, but non cemented revision
surgeries generally result in fewer complications than
those of cemented implants.>*® Nonetheless, revision
always presents a major challenge for orthopedic
surgeons because of the poor quality of the
surrounding bone.*®

Current surgical philosophy dictates that a non
cemented prosthesis should only be used if a patient's
femur can withstand both the forces incurred by
compressive stresses during the press-fitting and the
functional loading after the operation. Additional
consideration is given to whether eventual bone
ingrowth can be both predictable and sufficient.
Unfortunately, there is no straightforward approach to
make this assessment, since quantitative pre-operative
bone quality measurement is not performed, despite
knowing that it would have a positive influence on the
success of the operation. Additionally, the use of extant
literature resources is problematic since large studies
comparing non cemented to cemented THA have
shown contrasting outcomes.’’” Instead, orthopedic
surgeons must carefully evaluate each particular
patient's individual situation and choose an optimal
protocol based upon acquired or shared intuition — a
difficult task for novice surgeons. Initially, both the
patient’s age and gender are taken into account, since
bone mineralization decreases with aging and differs
between men and women.'®!® In general, cemented
implants are more frequently used for older, less active
people and/or people with weak bones, while non
cemented implants are more frequently used for
younger and/or more active people. However effective
these generalizations may be in prescribing THA
procedures, there may be many other relevant
differences between individual patients; thus, the
development of a patient-specific, quantitative
methodology is needed.

After THA, patients' gaits typically exhibit
improvement, but still exhibit asymmetries even after
full recovery.”? However, even with the continued
development of gait analysis techniques there is a
general lack of understanding regarding joint motion of
the lower extremities in the THA population, which
can make certain patient's rehabilitation challenging
and lengthy. The densities of the quadriceps muscles in
patients undergoing THA have been shown to correlate
with femoral bone mineral density. Both bone and
muscle densities tend to be lower in the operated side
which may be caused by the patient's shielding the
involved side due to pain.®® However, muscular
strength tends to increase substantially on this side
following the first post-operative year.”® The
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Figl. A) CT slice in a coronal view showing the
quadriceps muscles that are individually segmented. B)
Axial view showing the segmentation of the quadriceps
muscles in vastus lateralis, rectus femoris and vastus
medialis. C) The quadriceps muscles and the femur bone
in a 3D view after segmentation. The colors red, cyan and
yellow represent respectively: muscle, dense connective
and fat as defined in Gargiulo P, et al.”

functionality of the muscles is correlated with the
muscle composition. Not only is the higher percentage
of muscle fibers compared to fat generally linked to a
more active muscle, but also the quality of the muscle
fibers.?’
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Fig 2 Shows the average composition of the quadriceps muscles for each of the specific patient groups and healthy
versus operated legs. A) Compositions from patients with cemented (CEM) versus non cemented (NCEM)
implants. B) Compositions from all female patients versus all males patients. C) and D) Compositions from
healthy (C) and operated (D) legs, from patients within each of the four previously-mentioned age groups.
Note that in each patient group, muscular percent composition was significantly higher than either fat or
connective tissue percentages in all conditions (*: p < 0.05).

The research presented here was aimed at investigating
the density distribution patterns and overall muscular
quality of both operated and healthy quadriceps in
patients undergoing THA. Results from this
investigation can contribute to the clinical
understanding of pre-operative decision-making in
regards to prescribing THA prosthetic type.
Furthermore, developing an understanding of changes
in quadriceps muscle quality can serve as an indicator
for post-operative patient outcome, thereby helping to
guide rehabilitation strategies via a patient-specific
understanding of pre-operative muscular quality and
density. This study is the first part of the post-op
patients’ muscle recovery assessment (the second part
being the same measurements one year post-op). After
one year it will be possible to correlate the quality of
the muscles and the functionality of the muscles using
these measurements along with gait measurements.
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Material and Methods
CT data acquisition

EMG This study includes data from 68 patients: 38
females (an average age 64 years) and 30 males (an
average age of 56 years) who were scheduled to
undergo their first total hip arthroplasty. Of the 68
patients, 40 of them received a non cemented implant,
while 28 received a cemented implant. The decision
regarding prosthetic suitability was in the hands of the
operating surgeon of each patient, who based his
implant prescription on typical general patient
characteristics or conditions, such as age and sex. All
patients were scanned in a 64 slice Phillips Brilliance
CT scanner. The scanning area reached from the iliac
crest to the middle of the femur bone (Fig. 1).

CT dataset processing

After the scanning, all datasets were processed in
MIMICS. The processing protocol was as follows.
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Fig 3. Hounsfield unit (HU) distribution from -135 to 200, divided into 20 bins. Each of the plots show mean values
of each patient condition with computed standard error (blue curve). The plots on the left side show the
operated leg histograms, while the plots on the right show the healthy leg. The red curve indicated the
Gaussian curve fit for each HU distribution, and the vertical red line denotes the Gaussian centroid value,
"l". A) and B) are non cemented patients, while C) and D) are cemented patients.

Firstly, each of the quadriceps muscles of both legs
were segmented. Secondly, the muscles were divided
into sections according to tissue types (Fig. 1,C).%’
Finally, all Hounsfield values were exported so they
could be further analysed.

Modeling of Hounsfield units distribution

To discern the average Hounsfield values for each
compared condition (prosthetic type, sex, and age),
each CT scan was binned into 20 Hounsfield unit bins,
generating a histogram of hounsfield unit values. These
values were normalized to obtain histogram
percentages, generating a normal distribution. This
normal distribution was fitted to a theoretical Gaussian
curve using the Solver function of Excel (Microsoft:
2007) and a generalized reduced gradient algorithm to
maximize each R2 value and obtain an optimum curve
fit. These distribution averages were then exported for
further analysis.

Statistical Analysis

Statistical analyses were performed using appropriately
sized ANOVA with posthoc testing carried out using a
student’s T-test. Differences were considered
statistically significant for p < 0.05.

Results

Following segmentation and thresholding for muscular,
fat, and connective tissues, it was possible to observe
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changes in tissue composition in both legs as a function
of various patient parameters. Patients were sorted
firstly according to the type of prosthesis selected by
their surgeon, or cemented versus non cemented (n of
28 versus 40, respectively). Secondly, patients were
sorted according to their sex (n of 38 for females and
30 for males). Lastly, sorting was performed according
to patient age, where patients were divided into four
age groups: younger than 50 (n. of 10), between 51 and
60 (n. of 21), between 61 and 70 (n. of 26), and
between 71 and 80 (n. of 11). The results from these
analyses are shown in Figure 2.

Following the compositional analyses, each patient
group's average hounsfield unit (HU) histogram was
analyzed to discern both variation within patient
groups and histogram location shift. To do this, each
patient's CT scan was binned into 20 groups of HU
values, ranging from -200 to 135, and normalized to
generate a patient-specific, normally-distributed
histogram. Each of these histograms were then
averaged to obtain an overall average curve for each
patient group, which was then fit to a Gaussian
distribution. The results from these analyses are
displayed in Figures 3-5 for each respective patient
group. As is apparent from Figure 3, when comparing
the cemented and non cemented implant groups, the
healthy leg distribution was shifted towards higher HU
values, indicating the presence of more muscle in the
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Fig 4. Binned hounsfield unit (HU) distribution for patients grouped by sex. The red and blue curves were generated
analogously to those shown in Figure 3. A) and B) are female, while C) and D) are male patients.

healthy leg than within the operated leg. Additionally,
HU values were higher in both legs in patients with the
non cemented prosthesis compared to those who were
given a cemented implant.

Figure 4: Binned hounsfield unit (HU) distribution for
patients grouped by sex. The red and blue curves were
generated analogously to those shown in Figure 3. A)
and B) are female patients, while C) and D) are male
patients.

When comparing female to male patients, what is
immediately evident is that the HU peak is shifted to
the right in both legs of male patients compared to
those of females, indicating somewhat expectedly that
male patients had higher muscular density in both legs.
Additionally, once again patients of either sex
exhibited higher HU centroids in healthy legs
compared to those which were fitted with an implant,
confirming the results depicted in Figure 3.

Finally, when comparing HU distributions for patients
grouped according to age, youngest patients had much
higher HU centroid values than those of older patients,
with minimum values in both legs corresponding to the
largest (n of 16) patient group, or individuals from ages
61-70. Interestingly, once again in all conditions,
average HU values were higher in the healthy leg than
in the operated leg. In addition to the location of each
HU curve peak, it is evident that patients in the oldest
age group (71-80) exhibited much narrower HU
distributions than those of other conditions, suggesting
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that within both legs of these patients, there was much
less variation in the tissue type present.

Discussion

What is most evident from the data presented is that
although the muscle composition of operated legs was
higher than healthy legs in almost every patient group,
the average HU distribution centroids were higher in
healthy legs than in the operated side. A shift in
average HU value has traditionally been an indicator of
muscle quality, with higher HU values indicating a
greater amount of muscle than fat or connective tissue.
The presented results suggest that comparing percent
composition to HU distribution does not necessarily
correlate, but instead suggest that while muscular
composition might be highest in the operated legs of
patients, the overall muscular density, e.g. quality, may
yet be lower in this leg compared to the healthy side.
Further exploration into which analysis methodology
best prescribes the capacity for the operated muscle to
withstand both the implantation procedure and post-
surgical rehabilitation is crucial to develop better
decision-making in THA planning. In addition to this
comparison of analysis methods, it also appears that
males have higher percentages of muscle than females,
but the differences between groups are not
significantly different from one another. The same
notion is true when comparing patient age and implant
procedure. Alltogether the data suggest that there is no
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Fig 5. Binned hounsfield unit (HU) distribution for patients grouped by age. The red and blue curves were generated
analogously to those shown in Figures 3 and 4. A) and B) are patients less than 50 years old, C) and D) are patients
between 51 and 61 years old, E) and F) are patients between 61 and 70 years old, and G) and H) are patients
between 71 and 80 years old.

clear utility in using traditional surgical metrics for implant type indicates that the population of non
governing THA prosthesis choice, such as age and sex. cemented patients is more similar in distribution
Finally, the distribution of HU values according to (smaller variance), which thereby confirms the doctors'
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decisions to give them non cemented implants. The
cemented patients distribution show higher percentages
of HU voxel values around those that correspond to
muscular tissue, while these patients also exhibit larger
variance in these values, indicating that some of the
patients may have erroneously been prescribed a
cemented implant, while a majority clearly received
the optimal one.

All patients in this study are scheduled for one-year
post-op visit where they will be scanned again. When
the post-op data will be available, muscle recovery will
be correlated with the different patient groups.

In conclusion, the comparison of muscle composition
and HU distribution is a useful first step in developing
a better understanding of the optimum THA procedure.
Additionally, showing the similarities in muscle
composition and quality between patients grouped by
traditional planning metrics of age and sex suggests
that surgical planning should incorporate additional
patient conditions to identify the optimum THA
planning strategy.
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