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Purpose: The purpose of this study was to quantify the modifications occurring in osteoporosis at the level of the human proximal
femur throughout the trabecular structure, along with the identification of certain anatomic regions preferentially affected by
osteoporosis. Another goal was to map the evolution of the radiodensity of the trabecular bone as osteoporosis progresses to an
advanced stage.

Methods: The study included CT scans (right femur) from 51 patients, out of which 40 had various degrees of osteoporosis, but no
other local pathology. Ten regions of interest in two orthogonal slices have been identified and the differences in radiodensity as well
as their evolution have been statistically analyzed in terms of relative and absolute changes.

Results: A detailed spatial map showing the evolution of osteoporosis was obtained. As osteoporosis evolved, the relative decrease in
radiodensity was inversely correlated to the radiodensity of the healthy bone. In particular, the region covering the Ward triangle decreased
the most, by an average 61-62% in osteopenia and 101-106% in advanced osteoporosis, while the principal compressive group was affected
the least, showing a decrease by an average 14—15% in osteopenia and 29-32% in advanced osteoporosis. The absolute decrease in
radiodensity was not correlated to the radiodensity of the healthy bone and was shifted to the inferior-posterior edge of the femur. Inside the
femoral head, the upper region was affected the most in absolute terms, while the greater trochanter was less affected than the femoral neck.
The maximum metaphyseal cortical bone density was unaffected by the progression of osteoporosis.

Conclusion: Significant differences were noticed in terms of the absolute and relative osteoporotic changes in radiodensity related to
different anatomical regions of the human femoral bone. These differences become more pronounced as the disease progresses.
Keywords: osteoporosis, radiodensity, CT, femur

Introduction

Femoral neck fractures represent a global public health issue due to their high incidence and the impact on the patient’s
quality of life and on the health care system, involving significant costs.' In 2019, approximately 290,000 patients with
hip fractures were hospitalized just in the USA.> Over 90% of hip fractures are caused by falls,® and 60% of them are
intracapsular.* They affect mostly the elderly, being a consequence of low energy falls, while in young patients, hip
fractures mainly occur due to high energy traumas (eg, road accidents, sports injuries and falls from large heights).’
Predicting human proximal femur fractures is a very difficult task, involving details of bone mechanical properties,
complex bone geometry and boundary conditions as well. Different finite element models of crack propagation and
fracture models were developed in order to predict the onset of human femoral neck fracture under excessive load, but
these computational simulation techniques need to be validated by more extensive ex-vivo experiments.® ® It is generally
accepted that osteoporosis patients have a higher risk of major fracture.” The prevalence of osteoporosis and osteopenia
in the aging population is significantly higher in women than men, with significant differences between various countries
and races.'® Different patterns of focal osteoporosis were observed in femoral neck and trochanteric fracture patients,
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showing the preferential locations in the proximal femur where cracks are expected to initiate during falls. Moreover, the
same anatomical areas are at risk of rapid bone loss with ageing."’

It is well known that bone demineralization occurs with age. Numerous authors have studied the trabecular system of
the proximal femur and the changes that occur at this level with ageing, by using clinical CT, MicroCT, pQCT, as well as

12-17

dual X-ray absorptiometry (DXA), confirming more pronounced modifications in elderly women.'® ' DXA is the

gold standard when it comes to clinical bone density measurement, while another useful method for assessing bone
density in the proximal femur is based on radiological examination and the assessment of the Singh index.”***
Employing deep learning techniques®> and applying various filters can improve the accuracy of the results.”® MRI can
provide precise information, but is challenging to implement as a routine investigation for assessing bone density.?”-*®

For more effective prevention and better predictability of femoral neck fractures, as well as to achieve improved
postoperative outcomes, it is essential to understand bone behavior at the level of the proximal femur, particularly the
trabecular system, as it transforms with age and throughout the evolution of osteoporosis. Understanding the anatomical
locations of the weak areas in the neck and head of the femur, as well as the locations of the regions with increased bone
density, enables the determination of the optimal path for the osteosynthesis material employed to fix femoral neck
fractures, ensuring it passes through the regions with maximum strength, while avoiding weaker areas. This approach
will lead to a reduction of postoperative complications resulting from the deterioration of fixation (eg, cut-out, migration
of osteosynthesis material, etc).?* "

Currently, CT scanning appears to be the most suitable investigation for obtaining large amounts of data, being readily
available and relatively cost-effective. This technique has been shown to be useful in the study of trabecular patterns.***
A detailed map of the trabecular system at the proximal femur level using data obtained through CT scans represents
a useful tool for the assessment of the modifications of bone density. CT imaging enables the creation of complex models
that can be subsequently used for finite element analysis simulations.”>*%°

It is well known that the femoral neck is a site of complex loading, shared between cortical and trabecular
compartments, and pre-existing osteoporosis further increases the risk of a femoral neck fracture after falls. Within the
proximal femur, the trabecular system provides a specific distribution that allows it to support the body’s weight. Two
main forces act on the proximal femur: one on the femoral head and the other on the greater trochanter, while the
architecture of the trabecular system resembles that of Gothic cathedrals.>**” The organization of the trabecular system in
the proximal femur manages to provide maximum strength with minimal mass.*® Several studies have demonstrated that
the way various forces act at the hip level influences the trabecular system, which adapts to the stresses it experiences,
thereby reaffirming Wolff’s law once again.***

The aim of our study was: 1) to create a map of changes in CT radiodensity in the right proximal femur in patients with
various degrees of osteoporosis; 2) to quantify the differences between the various anatomical regions of interest and 3) to
follow the evolution of these changes as the disease progresses to osteopenia or/and to advanced osteoporosis. A detailed
statistical analysis was employed to confirm these modifications, supplemented with correlations with previously known
results regarding the major trabecular structures. Our assessments were mainly focused on the trabecular bone, but an

additional investigation of the modifications of the maximum density of the metaphyseal cortical bone was also performed.

Materials and Methods

Patient Characteristics
In this retrospective study, 77 right hip CT scans acquired between 2014 and 2023 were selected from the database of the
Orthopedic department of the Emergency County Clinical Hospital, Oradea, Romania. The CT scans were performed
using the GE Optima CT520 and the GE Revolution EVO scanners (GE HealthCare, Chicago, Illinois), with slice
spacing ranging from 0.6 to 1.25 mm and resolution per pixel of 0.7-0.95 mm.

The study was approved by the Institutional Review Board and Ethical Council of the Emergency County Clinical
Hospital, Oradea, Bihor - Romania (no. 39135/09.01.2023 and 39657/15.01.2023). Since the current work is
a retrospective study, the patients’ consents were not necessary as the medical records were anonymized, ensuring the
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privacy of the participants. The research was conducted in compliance with the Declaration of the World Medical
Association of Helsinki.

The patients were divided into 3 groups based on the radiological features, namely healthy patients (H), patients
diagnosed with osteopenia (OP) and patients diagnosed with advanced osteoporosis (AO). The grouping of patients was
performed based on the Hounsfield Unit (HU) values at the level of the femoral neck. Thus, patients with predominant values
of HU>150 in the spongy bone were considered to have normal bone density, while those with frequent values of HU<100,
were categorized into the “advanced osteoporosis” group. The patients with frequent HU values above 150 but presenting
areas with negative HU values were included in the “osteopenia” group. In the same group we also included patients with
variable HU values (80—180) that did not meet the criteria for the “normal” or the “advanced osteoporosis” groups.

Exclusion criteria: patients with fractures in the proximal third of the femur, patients with bone tumors, geodes,
advanced coxarthrosis, or other pathologies leading to the loss of femoral head sphericity or the development of
large osteophytes. After applying the exclusion criteria, 51 patients remained in the study. Our analysis was
focused on two planes that were visually centered on the femoral head and neck when seen from below (long-
itudinal slices) and respectively from the side (oblique slices). The demographic characteristics and distribution of
HU units according to each group, are presented in Tables 1 and 2, where HU was calculated by considering

a spatial mean value only inside the trabecular region. SD represents the standard deviation.

Image Processing

The cross sections of the right femurs were obtained in 3D Slicer version 5.2.2 r31382/tb46bd1 (https:/www.
slicer.org/), by re-slicing the images and selecting a longitudinal and oblique slice corresponding to the planes that
are centered on the femoral head and neck observed from below and respectively from the side. The images were
then cropped and warped in Fiji version 2.14.0/1.54f, GNU General Public License, (https://imagej.net/software/

fiji/downloads),*® by applying the thin plate spline method using the BigWarp plugin*’ and using a healthy femur
as size and shape reference, so that they overlap sufficiently well for further comparative analysis. Major
anatomical landmarks were used in the warping process, as described in Spatial Figureping.

Table | Demographic Characteristics of the Patients Divided in Three Groups

Parameter Group

H oP AO
Age (mean value +SD) 275+70 54.0 + 14.6 77.1 £86
Female N (%) 6 (54.5) 9 (47.4) 13 (61.9)
Male N (%) 5 (45.5) 10 (52.6) 8 (38.1)
HU lateral section average (min/max/SD) | 268 (209/374/47) | 183 (130/222/27) | 105 (31/187/47)
HU oblique section average (min/max/SD) | 327 (260/417/53) | 232 (165/303/37) | 151 (60/236/56)

Table 2 Mean HU Values According to Age Distribution

Parameter Age Group

<50y 50-70 y 270y
Female N (%) 8 (47.1) 9 (56.3) I (6l.1)
Male N (%) 9 (52.9) 7 (43.7) 7 (38.9)
HU lateral section average (min/max/SD) | 239 (156/374/56) | 162 (63/222/45) | 109 (31/208/54)
HU oblique section average (min/max/SD) | 298 (219/417/59) | 209 (100/303/52) | 154 (60/248/61)
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Statistical Analysis

Statistical analysis has been performed by extracting image information, such as the average image intensity values for
various anatomical regions of interest using Fiji macros, followed by statistical processing in the Microsoft Office Excel
12.0, MathWorks Matlab R2016b and OriginLab OriginPro 8.5 software. The spatial cross sections were plotted using
the Fiji software. Error bars have been obtained in Microsoft Office Excel from the standard deviations of both the
healthy and osteoporotic/osteopenic femur distributions using small error approximations. The statistical significance of
the differences between the spatial means of various anatomical regions of interest has been assessed in Matlab by
finding the p-values of pairwise Student’s #-tests and using the same software to represent the final results as heat maps of
the p-values, without applying any corrections for multiple comparisons. To compare pairs of regions, the distribution of
region 1 (of each pair) for the normal femurs was scaled by either the ratio or the absolute difference between the average
diseased femur and the average normal femur in region 2 (of the same pair) and then compared with the distribution in
region 1 for the diseased femurs using a Student’s ¢-test. For each such pair of regions, only the largest p-value was
retained when switching the roles of regions 1 and 2. The dendrograms corresponding to the heat maps (representing the
differences of the mean values between the various anatomical regions) were obtained with the Matlab software applying
the single linkage method and Euclidean distances. Pearson correlations between the radiodensity of healthy femur

regions and the degree of osteoporosis were obtained using the OriginPro software.

Results

Spatial Mapping

Major landmarks used in the warping process were as follows: the epiphyseal line and greater trochanter growth plate;

the principal compressive group; the neck-shaft angle; the coordinates of the femoral neck and greater trochanter. The

thickness of the femoral neck was chosen as a visual guide for the vertical scale in the longitudinal slices (Figure 1).
The useful areas in the final 16-bit grayscale images have 112x94 pixels for the longitudinal sections and 91 x 25

pixels for the oblique sections, representing the radiodensity expressed in HU. The average cross sections corresponding

to the three patient groups are shown in Figure 2, with the longitudinal cross sections in the first row (Figure 2a—) and

the oblique cross sections in the second row (Figure 2d—f).

reference image original image warped image

original image warped image

Figure | Warping process example for longitudinal (a) and the corresponding oblique slices (b), using a healthy femur as reference and warping a femur with advanced
osteoporosis (original image). Gray levels and spatial scales of various images have been auto-scaled for best viewing and are not comparable. The oblique sections in (b)
correspond to the oblique center line running through the femoral head and neck in (a), perpendicular to its plane.
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Figure 2 Average femur CT cross section for healthy patients (a and d), patients diagnosed with osteopenia (b and e) and patients with advanced osteoporosis (c and f).
The color scales represent HU.

In order to evaluate the spatial evolution of osteoporosis, we represented the percentage of the relative decrease in
radiodensity of the average osteoporotic/osteopenic femur compared to the average healthy femur (Figure 3) as well as
the absolute decrease in HU (Figure 4). It should be noted that although the radiodensity is correlated with bone density,
there is not a simple relationship between them, due to the presence of soft tissue in addition to the bone. We noticed that
a major relative resorption of bone occurs in the Ward triangle, while the relative resorption in the principal compressive
group and cortical bone of the metaphysis is less visible. This is in agreement with the Singh index criteria for
osteoporosis,”> according to which the Ward triangle becomes preeminent in the initial phases and the principal
compressive group disappears last. We also note that in general, the regions of high radiodensity tend to undergo
a smaller relative decrease of radiodensity as the disease progresses, while regions of low radiodensity undergo a larger
relative decrease of radiodensity. In other words, the anatomic regions that are naturally subjected to less stress in
accordance to Wolff’s law, are more affected than those subjected to high stress.

According to Figure 4, the maximum absolute decrease in radiodensity is not concentrated on the Ward triangle, but
shifted towards the nearby inferior-posterior compact bone. In the longitudinal section, at the level of the intertrochanter and
trochanter, we noticed a lower absolute decrease in radiodensity compared to the femoral neck; moreover, the top of the
femoral head was also less affected compared to the surrounding regions. When considering the oblique section, again, the
intertrochanteric region seems less affected than the femoral neck, especially in the advanced stage of osteoporosis.
Generally, in the oblique section, the bone resorption appears asymmetrical in the anterior-posterior direction.

We analyzed the spatial evolution of osteoporosis (Figure 5) in 10 representative regions for both sections,
labeled A-J (Figure 5a) and K-T respectively (Figure 5c¢). The size of the trabecular regions A-I, K-T was chosen
large enough to account for inaccuracies in the choice of the landmark points during the warping process. In the
longitudinal section, region A is bounded by the epiphyseal line and the principal compressive group, corresponding
to a region in the Babcock triangle; regions B and D correspond to the triangles obtained from the intersection of the
principal compressive group and the epiphyseal line; region C corresponds to the principal compressive group, while
region E corresponds to the remaining area in the femoral head, below the epiphyseal line. Region F corresponds to
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Figure 3 Average spatial distribution of osteopenia (a and c) and advanced osteoporosis (b and d), displayed as the relative decrease in radiodensity.

an area overlapping the Ward’s triangle, region G to the remaining area in the femoral neck, region H corresponds to
the greater trochanter, above the growth plate, region I to the intertrochanter and, finally, region J corresponds to the
region in the metaphysis, where cortical bone was investigated. In all the regions except J, only the trabecular bone
was subjected to analysis. The reason for performing the cortical bone analysis only in region J was related to the
intrinsic resolution of the CT scanner which leads to inaccurate values. Since the accurate alignment of the rather
thin cortical bone in region J is difficult to achieve during the warping process, only the maximum radiodensity
value in region J has been considered, while in the trabecular regions the spatial mean of radiodensity was
investigated.

In the oblique section, region K is centered on the femoral head, and represents a high density region corresponding to
the intersection between the principal compressive group and the principal tensile group. Regions L and P are located in
the femoral head, being bounded to the left by the epiphyseal line, while regions M, N, O are located on the other side of
the epiphyseal line, their outlines being guided by the location of features of interest, respectively the anatomical regions
of high or low intensity presented in Figures 2d—f, 3¢ and d). Region Q is located in the remaining area of the femoral
head, region R overlaps Ward’s triangle, region S covers some of the remaining region in the femoral neck and region
T is located in the intertrochanter.

A statistical approach was employed in order to evaluate the changes of the mean values of radiodensity in the
anatomical regions A-I, K-T and of the maximum values of the radiodensity in the region J. Additionally, a comparison
between various anatomical regions in terms of osteoporosis evolution was evidenced.
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Figure 4 Average spatial distribution of osteopenia (a and c) and advanced osteoporosis (b and d), displayed as absolute decrease in radiodensity, measured in HU.

Statistical Analysis of the Relative Decrease of Radiodensity

In Figure 6 we represent the relative decrease in radiodensity of diseased femurs relative to healthy ones, for all 10
regions. Error bars have been obtained from the standard deviations of both the normal and diseased femur distributions
using the low error approximation for fractions. Some error bars are shown only on the positive half of the y-axis. Since
the radiodensity can reach negative HU values, some percentages can exceed 100.

In the longitudinal section, it can be observed that the smallest resorption occurs in regions C and J, namely the
principal compressive group and the cortical bone, while region F, corresponding to the Ward triangle, is affected by the
largest resorption. We would like to point out that even though the maximum value for cortical bone in region J is
affected the least, the thickness of the cortical bone in this region may vary. The amount of relative decrease also depends
on the size of the chosen region. For instance, a smaller region F would undergo a larger mean relative decrease in
radiodensity in Figure 6a. The trochanter region exhibits small size focal spots in the advanced stage (Figure 3b), which
might be due to the inaccurate alignment during the warping process. Similarly, in the oblique section, the region K (with
the highest density) undergoes the smallest relative resorption, followed by regions O and M, while region
R corresponding to the Ward triangle, undergoes the largest resorption.

Figures 7a, b, 8a and b) represent the p-values (#-test) heat map of the spatial distribution of radiodensity in the case of
moderate, respectively advanced osteoporosis. The diagonal values compare the mean radiodensity of the healthy and
osteoporotic femurs related to the selected regions of interest. The off-diagonal elements verify whether the difference of
the corresponding pair of regions is statistically significant, when osteoporosis is measured by the relative decrease in
radiodensity, p-values < 0.001 being represented as 0.001.
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Figure 5 Analyzed anatomical regions, shown as white areas superimposed onto the average healthy femur (a and c). The histograms show the average normal bone
radiodensity and corresponding standard deviations for the analyzed regions (b and d). The features of trabecular bone were investigated in the regions A-l and K-T, while
the cortical bone in region J.
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Figure 6 Relative decrease in radiodensity of femurs with moderate and advanced osteoporosis, in the longitudinal (a) and oblique (b) sections.

The dendrograms compare the means of the osteoporosis distribution within the various anatomical regions, being
useful in revealing the particular regions with a similar degree of resorption. Typically, pairs of regions with very
different means will have a small p-value and vice-versa. The maximum value on the linear vertical scale of the
dendrograms is also indicated for reference.
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Figure 7 p-values heat map (log scale) of the spatial distribution of osteopenia, measured by the relative decrease in radiodensity in the various anatomical regions, in the
longitudinal (a) and oblique (b) sections. The dendrograms compare the means of the spatial distribution of osteopenia in the various regions.
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regions in the longitudinal (a) and oblique (b) sections. The dendrograms compare the means of the spatial distribution of advanced osteoporosis in the various regions.

From the diagonal values presented in Figure 7a and b) we notice that the radiodensity in healthy and osteopenic

femurs differs significantly in all the regions except D and J. Considering the longitudinal slices, significant differences

were observed when comparing the principal compressive group with other regions: region C differs significantly from
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all but regions D and H. On the other hand, region F (the Ward triangle), differs significantly from all but region
A. Cortical bone radiodensity differs meaningfully from all but region D. Considering the oblique slices, region R (which
overlaps the Ward triangle) differs significantly from all other regions, while region K (with maximum density in the
femoral head) differs significantly from the regions R, S, T outside the femoral head.

According to the values presented in Figure 8a and b), when osteoporosis evolves to the advanced stage we notice
a higher number of p-values that are roughly equal or below the 0.05 significance level, the differences becoming thus
more pronounced and statistically significant. Considering the longitudinal sections, healthy and osteoporotic femurs
differ in a statistically significant manner for all but region J, where the dense cortical bone undergoes very small relative
change as the disease progresses. Significant differences with respect to other regions were noted in the principal
compressive group (region C), the cortical bone (region J) as well as the Ward triangle (region F). Considering the
oblique sections, the maximum density in region K differs significantly from all but regions O and M (which are the 3rd
respectively the 4th densest regions in the oblique sections of the healthy femur represented in Figure 5d) and undergo
the least relative decrease after region K.

Statistical Analysis of the Absolute Decrease in Radiodensity

In Figure 9a and b we represent the absolute decrease in radiodensity for the 10 anatomical regions, along with the
appropriate error bars obtained from the standard deviations of both the normal and osteoporotic/osteopenic femur
distributions by applying the low error approximation for differences.

In the longitudinal sections, in absolute terms, the decrease in region F is less pronounced than as a percentage and region
C does not undergo the smallest decrease among the trabecular regions. As previously presented in Figure 5b, the healthy
bone has a rather high radiodensity in region C, and relatively low value in region F. This suggests that bone resorption as
a percentage has a very strong effect on region F and a very small one on region C. We also noted that cortical bone is
resorbed the least both in absolute and relative terms, however its thickness may vary. The top of the femoral head, where
region D is located, undergoes less resorption than the surrounding regions (see also Figures 4a and b) while the regions
H and I (in the greater trochanter and intertrochanter) are less affected than the femoral neck regions F and G.

Similarly, in the oblique sections, the decrease in region R stands out less in absolute terms than as a percentage,
while region K no longer presents the smallest decrease in either moderate or advanced osteoporosis. Region Q suffers
the largest absolute decrease in the advanced stage, possibly influenced by its proximity to the Ward triangle. As noted in
Figure 5, the maximum absolute decrease is shifted towards the nearby inferior-posterior cortical bone, and the
intertrochanter suffers less absolute decrease than the adjacent femoral neck. We would like to re-emphasize that the
decrease in radiodensity of the various anatomical regions also depends on the size of the selected areas.
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Figure 9 Absolute decrease of radiodensity in femurs with osteopenia respectively advanced osteoporosis, in the longitudinal (a) and oblique (b) sections.
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In Figures 10a, b, 11a and b we represent the p-values for the differences between the various regions for osteopenia

and advanced osteoporosis respectively, when measured by the absolute decrease of radiodensity. The diagonal elements

are the same as in Table 3, and the off-diagonal elements verify whether the difference of the osteoporosis of the
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Table 3 Pearson Correlation Coefficients (R) and Corresponding p-values for the
Correlation Between the Average Normal Femur and the Spatial Distribution of
Osteoporosis as Measured by the Relative Decrease in Radiodensity

Pearson Correlation: Relative OP AO
Decrease in Radiodensity
of Osteoporotic vs Healthy Femur

Longitudinal sections: all 10 regions R=-0.67, p=0.033 | R=—-0.83, p=0.003
Longitudinal sections: only 9 trabecular regions | R=—0.35, p=0.36 | R=—0.64, p=0.066
Oblique sections.: all 10 trabecular regions R=-0.74, p=0.014 | R=-0.61, p=0.059

corresponding pair of regions is statistically significant, when osteoporosis is measured by the absolute decrease in
radiodensity. As before, all p-values less than 0.001 have been represented as 0.001.

Once again, we can notice the increase in the number of regions with small p-values, and the differences become
more important when the disease progresses. Both the maps for relative and absolute spatial changes clearly reveal
statistical differences between various regions of the bone, thus proving that osteoporosis affects different regions in
a different manner.

In the longitudinal sections, region F differs significantly from almost all other regions, excepting regions A and G, and so
does region J, with the exception of regions D and H. Region D (inside the upper part of the femoral head) differs significantly
from most of the surrounding regions (A, B in osteopenia, respectively A, B, E in advanced osteoporosis), however its difference
from the adjacent region C is not significant. In terms of absolute decrease, the trochanter region H differs meaningfully from the
regions in the femoral neck. However, the selected intertrochanter region I differs meaningfully from the femoral neck region
G only in the advanced stage of osteoporosis. In the oblique sections, the intertrochanter region T only differs meaningfully from
region R, but not from S. Region Q differs meaningfully from all other regions in the advanced stage (see also Figure 4d). Region
R differs from most other regions, with four exceptions in osteopenia (namely L, N, Q, S) and 3 exceptions in advanced

osteoporosis (namely L, N, S).

Statistical Analysis of Correlation with Normal Radiodensity (Healthy Femur)

Pearson correlation coefficients between the radiodensity of the various regions in the average normal femur and the
spatial distribution of osteoporosis were determined in order to check whether the statistical analysis confirms that the
regions with higher radiodensity are less affected by osteoporosis and vice-versa (Table 3).

When osteoporosis was measured by the absolute decrease in radiodensity, the correlation did not achieve statistical
significance (p > 0.05). However, when measured by the relative decrease in radiodensity, we found a strong correlation
coefficient for advanced osteoporosis in the longitudinal sections (R=—0.83, p-value=0.003), while a lower correlation
was obtained if only the regions of trabecular bone were considered (R=—0.64, p-value=0.066). For osteopenia, the
correlation is determined by the outlier point corresponding to region J and is thus not noteworthy (as shown in
Figure 12a and b). In the oblique sections, a better correlation (R=—0.74, p-value=0.014) was noted for osteopenia
than for advanced osteoporosis (R=—0.61, p-value=0.059). The graphical representation of the correlation between
normal radiodensity and relative decrease in radiodensity of osteoporotic femurs is presented in Figure 8, considering
both longitudinal and oblique sections.

The results clearly indicate that higher radiodensity regions in the normal femur tend to undergo less relative
resorption in osteoporosis and vice-versa, which is mostly evident in the oblique section. This fact is mainly a result
of the normalization to the average normal femur radiodensity and thus, an absolute radiodensity decrease will have

a higher impact on the low radiodensity regions, as noted in.>
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regions.

Discussion

In this work, we investigated the spatial evolution of osteoporosis in the right proximal femur, from the normal, healthy
stage, to the moderate (osteopenia) and then the advanced osteoporosis stage and fully quantified the spatial decrease in
radiodensity during this progression. Two perpendicular sections through the proximal femur were considered and
a detailed map of the evolution was generated both in terms of relative and absolute decrease in radiodensity. Each
section was divided into 10 anatomical regions of interest, which were selected through direct observation of the images
obtained from the overlays and subsequently correlated with Ward’s description of the trabecular system.***° Previous
authors attempting to study the properties of the trabecular system have usually chosen to investigate between 3 and 7
areas of the proximal femur, without being able to provide a detailed spatial map.'®7-303

Since authors who focused on the evolution of cortical bone have found that it was challenging to accurately delineate
the cortical bone at the level of the femoral head and neck,>* its thickness and density were not subjected to our analysis.
In addition, subchondral bone undergoes more significant demineralization.’

The major trabecular regions of the proximal femur are known to change in size with demineralization. Radiologically,
the first areas to demineralize are the secondary tension and compression groups and the greater trochanter group. Ward’s
triangle increases its surface area.””>> The primary compressive system, which bears the majority of the forces and has
a density similar to cortical bone, demineralizes the slowest.**

When measured in terms of relative decrease in radiodensity, we found that the anatomical regions with high
radiodensity are less affected by osteoporosis than the low radiodensity ones. Thus, among the trabecular regions, the
Ward triangle is more susceptible to weakness (as radiodensity decreased by an average 61-62% in osteopenia and 101—
106% in advanced osteoporosis), while the principal compressive group is less prone to deterioration (radiodensity
decreased by an average 14-15% in osteopenia and 29-32% in advanced osteoporosis). These findings are in agreement
with Singh’s semiquantitative method for determining the stages of osteoporosis,”* and provide a possible explanation for
the high relative frequency of fractures in the femoral neck.” We found statistically significant differences in the absolute
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variation of radiodensity as osteoporosis progresses, although the absolute bone resorption is not correlated with the
normal radiodensity, while previously, no evidence of selective absolute bone loss was found.*> The maximum absolute
decrease in radiodensity is not concentrated in the Ward triangle, but shifted towards the nearby inferior-posterior edge of
the bone. Inside the femoral head, the upper region undergoes a minimal absolute decrease, especially in the advanced
stage. The greater trochanter trabecular bone presents a lower absolute decrease compared to the femoral neck. The
maximum density of metaphyseal cortical bone does not change significantly in either absolute or relative terms, however
its thickness may decrease.'"'®° A statistical comparative analysis of the various regions showed that the differences
between the modifications that occurred in the various regions become more statistically significant as the disease
progresses to the advanced stage. Our quantitative interpretation of the spatial evolution of osteoporosis could serve as an
input for further finite element simulations of femoral fractures and fixation methods, as we noticed a gap in the available
literature in this regard.

Conclusions

From our image analysis based on the computational re-slicing and warping of CT scan images of patients with various
degrees of osteoporosis, we were able to create a spatial map of the modifications produced by the disease in terms of the
reduction in radiodensity in the proximal femur. The quantification of these changes was performed by applying
a comparative statistical analysis, taking into account different anatomical regions, which revealed increasingly sig-
nificant differences as osteoporosis progresses.

In relative terms, the Ward triangle is affected the most and the principal compressive group the least, while in
absolute terms, the maximum decrease in radiodensity is shifted towards the inferior-posterior side of the bone, the
greater trochanter is affected less than the femoral neck and inside the femoral head, the upper region undergoes
a minimal absolute decrease, especially in the advanced stage of osteoporosis. The emerging patterns and quantitative
interpretation of the spatial evolution of osteoporosis could serve as a valuable input for further finite element simulations

of femoral fractures and for the optimization of fixation methods.
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