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Abstract

The use of bisphosphonates for osteoporosis patients has markedly decreased the

incidences of femoral neck or trochanteric fractures. However, anti-osteoporosis drugs

have been reported to increase the incidence of atypical femoral fractures (ATFFs), which

involve stress fractures in the subtrochanteric region or the proximal diaphysis. In this

study, the morphological characteristics of the cortical bone in human femoral diaphysis

samples were analyzed from individuals who lived before bisphosphonate drugs were

available in Japan. A total of 90 right femoral bones were arbitrarily selected (46 males

and 44 females) from modern Japanese skeletal specimens. Full-length images of these

femurs were acquired using a clinical CT scanner, and the data were saved in Digital

Imaging and Communication in Medicine (DICOM) format. An image processing method

for binarization was used to calculate the threshold values of individual bones for

determining their contours. The range between the lower end of the lesser trochanter

and the adductor tubercle of each femur was divided at regular intervals to obtain 10

planes. The area of cortical bone to the total area of cross-section (ACS) of the femoral

mid-diaphysis was calculated as the cortical index at Level 5 (CI_5). Moreover, the mean

value of cortical bone thickness (mCBT), periosteal border length (PBL), and ACS were

evaluated for all planes. A comparison between males and females demonstrated that

most females had lower CI_5 values than males. The femoral outer shape did not differ

markedly according to age or sex; however, substantial individual differences were
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observed in the shape of the inner surface of the cortical bone. Both mCBT and ACS

decreased with age in the femoral diaphysis; however, in females, the reduction rate was

higher for mCBT than for ACS. This may be due to a compensatory increase in the

circumference of the femoral diaphysis. In addition, about half of the subjects had a small

gap between the region with maximal mCBT and that with maximal ACS in the femoral

shaft. Biological responses to mechanical stresses to the femoral diaphysis were not

uniform. Bisphosphonate inhibit bone resorption, and may promote non-physiological

bone remodeling. Thus, a nonhomogeneous decrease in cortical thickness may be related

to the fracture-=occurrence in the femoral diaphysis in some cases. Thus, long-term

administration of bisphosphonates in patients with morphological vulnerability in the

femoral cortical bones may increase the occurrence of ATFF.
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1. Introduction

Osteoporosis is an age-related degenerative disease associated with fractures of the

limb bones or spine, which markedly reduces the quality-of-life of elderly patients

(Kanemaru et al., 2010; Abimanyi-Ochom et al., 2015). Accordingly, osteoporosis drugs,

such as bisphosphonates, are administered to increase bone density not only in the

lumbar spine but also in the proximal femur (Bone et al., 2004). In addition, reports have

shown that some of these drugs reduced the incidences of femoral neck or trochanteric

fractures (McClung et al., 2001; Papapoulos et al., 2005). However, osteoporosis drugs

may increase the incidence of atypical femoral fractures (ATFFs), such as stress

fractures, in the subtrochanteric region or the proximal diaphysis. In particular,

bisphosphonate formulations have been associated with such fractures (Shane et al.,

2010; Shane et al., 2014; Schilcher et al., 2015). In addition, some reports have suggested

that the morphology of the proximal femur or the shape of the cortical bone is involved

in the anatomical background of ATFFs (Koeppen et al., 2012; Hagen et al., 2014;

Taormina et al., 2014; Niimi et al., 2015; Szolomayer et al., 2017). Bilateral femoral

stress fractures in patients not taking a bisphosphonate drug have been reported

(Donnelly et al.,, 2012). Therefore, femoral morphological characteristics may be

responsible for the occurrence of these fractures.

As micro-computed tomography (CT) and various morphological analyses are

increasingly being used, more discoveries on the structural analysis of cancellous bone
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have been reported (Burr, 2010; Geissler et al., 2015). Because osteoporosis drugs with
various mechanisms of action have become available, cortical bone is attracting attention
as a target for fracture prevention (Mizushima et al., 2009). Thus, a morphological
review of the long bones, especially the bone shape of the femoral diaphysis, is necessary.
Marcauo et al. (2014) found that Asians are at high risk of atypical bisphosphonate-
associated fractures. Sex differences in the cross-sectional morphologies of human long
bones with aging were reported in native Americans (Ruff et al., 1983) and in blacks and
whites (Schlecht et al., 2015; Japsen et al., 2015). To clarify the background of ATFFs,
the morphological characteristics of cortical bone in the human femoral diaphysis were

analyzed in Japanese individuals who lived before bisphosphonate drugs were developed.

In quantitative evaluations using CT images, the method for calculating the contour

threshold should be strictly defined. This study used the mode method, an image

processing method for calculation of the threshold. This binary method is useful when

the histogram of values shows a bimodal distribution in CT images (Chow et al., 1972;

Bousson et al., 2004; Chen et al., 2010). Using the method, a single threshold was

determined for each individual, and the contour of the cortical bone was strictly

determined. A new method to measure cortical bone thickness (CBT) was used to perform

a quantitative analysis of the cortical bone of the femoral diaphysis.

2. Materials and Methods

2.1. Materials

Among skeletal specimens from modern Japanese stored at Nagasaki University, 90
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right femurs, including 46 from males aged 20-89 years (mean age, 62.7 years) and 44

from females aged 31-87 years (mean age, 68.3 years), were included in the study. They

were obtained from cadavers provided to the Nagasaki University School of Medicine for

anatomical dissection by medical students between the 1950s and 1970s. Most of them

were voluntarily donated, and most were from anonymous subjects. The sex and exact

ages at death of all the individuals were registered. After their dissection, their soft

tissues were almost entirely removed to produce dry skeletal preparations. Those with

obvious trauma or inflammatory joint diseases were excluded. Because their year of

death was approximately between the 1960s and 1970s, none of the subjects could have

possibly taken bisphosphonate drugs before their deaths. Before being further divided

according to sex, the subjects were divided into two groups by age as follows: group A

(<69 years old; 30 males and 16 females) and group B (>70 years old; 16 males and 28

females).

2.2. CT imaging and extraction of the target images

Full-length images of all the examined femurs were obtained using clinical multislice CT

(Activision 16, Toshiba Corp. Japan) (X-tube volume/current = 120 kV/100 mA, Image

matrix size; 512 x 512 pixels, slice thickness; 0.5 mm). The bones were placed in a natural

position with the posterior side down on the table of the imaging device. CT images of

the femurs were obtained after the regions of interest were adjusted to maximize the
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images, which meant that the field of view (FOV) was approximately 100 mm X 100 mm.

The data were saved in Digital Imaging and Communication in Medicine (DICOM)

format.

The range between the lower end of the lesser trochanter and the adductor tubercle

of each femur was divided into nine segments of equal length. Then, all of the cross-

sections, including both ends, were labeled from top to bottom as “Level 1” to “Level 10”.

Namely, Level 1 was the section at the lower end of the lesser trochanter, and Level 10

was the section of the tip of adductor tubercle. Segmenting was performed using a

Microsoft VBA formula with CT image numbers that were assigned automatically by the

CT equipment. These selected ten sections were subjected to the following processes.

2.3. Determination of the threshold and the principle of contour extraction

Each of these obtained DICOM data files was opened with Imaged ver. 1.50 (NIH, USA)

and saved as a text image file. A 512 X 512 matrix consisting of text data of CT values

was obtained. This text file was then opened in Microsoft Excel (Office 2016, 64-bit,

Microsoft Corporation, USA) and converted to an xls file. Based on these values, the

threshold for determining each femoral contour was determined as follows: (i) all of the

matrixes for these ten sections were pasted into one Microsoft Excel sheet; and (i) a

histogram was created based a frequency table of CT values to calculate the mean CT

value for the first peak (i.e., approximately -1,000; mainly indicating the CT value of the
7
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surrounding air) and the CT value for the second peak (i.e., indicating the CT value of

the bone itself). This value was used as a threshold to determine the cortical bone contour

of the target bone (Figure 1). This is a unique value for each individual. The endosteal

and periosteal contours of the cortical bone were determined using a single threshold in

all the slices for each individual.

2.4. Study items

Out of the ten area of cross-section (ACS) evaluations, seven ACS values at Levels 2—8

showing the shape of the diaphysis were selected. The following steps were applied to

calculate each value for each ACS. In addition, the 512 x 512 matrix of the CT values

from each cross- section was opened with Microsoft Excel (Office 2016, 64-bit), and the

following calculations and image processing were performed using Microsoft Excel

functions and Visual Basic for Applications (VBA). In this analysis, all foramina

(openings or holes) in the segmented cortical bone region without continuity with the

bone marrow cavity were regarded as cortical bone regions and analyzed further as

follows.

i) Cortical index at the femoral mid-diaphysis level

The ratio of the area of the cortical bone to the total ACS of the femoral mid-diaphysis at

Level 5 (i.e., the occupancy rate of the cortical bone) was calculated as the cortical index

at Level 5 (CI_5; Figure 2, right, b/ [b + c] % 100).
8
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i1) Mean cortical bone thickness

Distances between a point on the periosteal surface and all points on the endosteal

surface of the cortical bone were calculated. The minimum of these values was defined

as the CBT of the point. Such calculations were performed for all points of the periosteal

surface of the cortical bone to calculate the CBT of the entire circumference of the cortical

bone (Figure 2, left). All of the CBT in one cross-section were then averaged to obtain a

mean value for CBT (mCBT).

iii) Area of cross-section

The ACS of each section was calculated by counting all points (pixels) in the area

surrounded by the periosteal and endosteal perimeters of the cortical bone (Figure 2,

right). b). The area was corrected by calculating the actual length per pixel in the DICOM

data to take into account the magnification ratio at the time of imaging.

iv) Periosteal border length

The periosteal border length (PBL) of each section was calculated by counting the

number of all points (pixels) on the periosteal surface using Microsoft Excel (Figure 2,

left, a).

2.5. Statistical analysis

Pearson correlations were performed to test the relationship between mCBT, PBL, ACS,

and CI_5 for each slice location and age. Differences in mCBT, PBL, ACS, and CI_5
9
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between the two age groups at each cross-sectional position along the diaphysis were

assessed using Student's #test.

3. Results

3.1. Example presentation

The analysis results for a 70-year-old female and a 60-year-old female are shown in

Figures 3 and 4. In Figure 3, the degree of CBT is visualized using conditional formatting

in Microsoft Excel; the thicker the cortex, the deeper the red, whereas the thinner the

cortex, the deeper the blue. In Figure 4, the shape of the cross-sections for the seven

levels is visualized. The values of mCBT (mean + standard deviation), PBL, and ACS are

shown in the table. Progression of osteoporosis was observed in the 70-year-old female.

3.2. Morphological analysis of the section at Level 5

In Figure 5, the cross-sectional images at Level 5 for each individual are shown in

ascending order of CI values. Respective scale factors are not the same to determine the

shape and proportion. In addition, all foramina in the cortical bone region are shown as

cortical bone regions. Blue indicates males, and red indicates females. The comparison

between the males and females demonstrated that most females had lower CI values

than males. Regardless of the CI value, the apparent linea aspera tended to remain

unchanged. However, in individuals with lower CI values, the part of the cortical bone

10
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corresponding to the linea aspera was thinner on the linea aspera side. Furthermore, in

individuals with higher CI values, the cortical bone became thicker at the three following

places: the posterior part where the linea aspera is located, the inner part, and the outer

part.

CI_5 was calculated by extracting the shape of the ACS at Level 5 (.e., the femoral

mid-diaphysis) in all 90 individuals. Figure 6-a is a scatter plot showing the relationship

between CI_5 and the age of each individual according to sex. This showed a negative

correlation in females (r = -0.60). CI decreased with age but without statistical

significance (r = -0.28) in males.

Figure 6-b shows box plots of the CI_5 values according to age (i.e., group A, <69

years old and group B, >70 years old) and sex. Females showed a significant difference

between these two groups.

For the section at Level 5, there was a significant positive correlation between the

ACS and PBL (r = 0.74 in males, 0.43 in females); however, the correlative coefficient

between mCBT and PBL was relatively low (r = 0.23 in males, 0.07 in females). This

meant that PBL affected the value of ASC more than mCBT.

3.3. Measurements of mean cortical bone thickness

Figure 7-a shows box plots of mCBT values at Levels 2—8 according to age (i.e., groups A

and B) and sex. The average mCBT had a maximal value at Level 4 (i.e., a section slightly

11
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proximal to the femoral mid-diaphysis) in all the groups. The overall mCBTs in males

was higher than those in females. In females with lower mCBT values for all the sections,

their mCBTs at around Levels 2-5 showed an almost flat curve. A comparison between

groups A and B found significant differences at Levels 7 and 8 (i.e., the distal part) in

males. In contrast, the CBT in group A was significantly greater than that in group B in

all sections except Level 2 in females.

Figure 7-b is a scatter plot showing the relationship between average mCBT values

and age in males and females. In females, mCBT decreased significantly with age (r = -

0.53). In males, the mCBT decreased with age but without statistical significance (r = -

0.22).

3.4. Measurement of the area of cross section

Figure 8-a shows box plots of the ACS values at Levels 2—8 according to age (i.e., groups

A and B) and sex. Comparison of the measurement results according to Level and sex

showed higher values in males compared with females. As with mCBT, the mid-diaphysis

had higher ACS values. The ACS curves for all the groups were relatively flatter than

the mCBT curves (Figure 8-a). When individual ACS values were examined, some

females with lower ACS average values for all the sections had flat curves in the mid-

diaphysis. The comparison between groups A and B according to sex showed that in

females, group A had higher ACS values at Levels 5-8 than group B.
12
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Figure 8-b is a scatter plot showing the relationship between ACS values and age in

males and females. ACS in males showed almost no decrease with age (r = -0.12),

whereas a significant negative correlation was observed in females (r = -0.33).

3.5. Measurement of periosteal border length

Figure 9-a shows box plots of the PBL values at Levels 2—8 according to age (.e., groups

A and B) and sex. Both males and females showed similar curves for Levels 2-6 G.e., a

range between a section slightly below the lower end of the lesser trochanter and a

section slightly distal to the mid-diaphysis). However, the PBL for a range between a

section slightly below the lower end of the lesser trochanter and the mid-diaphysis

tended to decrease slightly in females. Some males also showed a similar tendency. The

comparison between groups A and B according to sex showed that group B had

significantly higher PBLs at Levels 2, 4, 5, and 6 than group A in males.

Figure 9-b is a scatter plot showing the relationship between average PBL values

and age for each individual according to sex. The correlation between the PBL values

and age of each individual showed that PBL increased with age (r = 0.30) in females.

Namely, the circumference of the femur increased significantly with age in that group of

patients.

3.6. Comparison between the level of the maximal mCBT and that of the maximal ACS
13
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The level of the maximal ACS value and that of maximal mCBT in each femoral bone is

shown in Table 1. The mCBT values were principally maximal at Levels 3 or 4. On the

other hand, the ACS values were maximal at Levels 2 or 3. In 48 of 90 individuals, the

region with the largest ACS was located more proximal to the region with the largest

mCBT.

4. Discussion

4.1. Method for determining the contour of the cortical bone using CT images

The CT values of the measured objects obtained using a medical CT (Hounsfield units

[HUs]) are proportional to the X-ray linear attenuation coefficients of the objects.

Measurements were performed on data extracted from the DICOM file image format

that was generated using the clinical CT scanner. To measure the shape of the object

based on such CT image data, it is necessary to determine the contour of the object

accurately. The appropriate CT value has been commonly used as a threshold after

setting the regions of interest for each cross-section image and determine the contour

based on the threshold. However, the contour of an object due to the partial volume effect

is difficult to determine accurately (Ward et al., 2005; Scherf et al., 2009). Therefore, if

the method used to determine the threshold is unclear, the size of the object cannot be

measured accurately. The half-maximum height thresholding protocol (Coleman et al.,

2007; Kazakia et al., 2014) adaptive interactive thresholding method (Leung et al., 1996;
14
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Ryan et al., 2002) of bone and background showed a clear bimodal distribution in this

study. The mode method, an image processing method for binarization, can be used to

determine the contour of bone (Chow et al., 1972; Bousson et al., 2004; Chen et al., 2010).

This study applied the mode method to determine the contour of bone using CT values

for the first and second peaks in the histogram on images obtained from DICOM data as

the threshold for each individual.

4.2. Changes in the shape of the human femoral diaphysis with aging

In vertebrates with an endoskeleton, bone tissue repeats bone formation and bone

resorption throughout life. During these processes, various changes occur in the

morphology of the bone marrow cavity and cortical bone. Several cross-sectional studies

evaluating age differences in humans have been conducted (Smith et al., 1964; Ruff et

al., 1982; MacIntosh et al., 2013). The femoral diaphysis continues to grow even after

adulthood. A functionally adaptive increase in the contour length of the femoral

diaphysis to compensate for osteoporotic reduction in bone strength may be one of the

reasons for the changes in the morphology of the diaphysis over time. However, an age-

related increase in the contour length of the femoral diaphysis was not observed in males

and females (Shibata, 1992). As shown in Figure 9, we found that PBL increased

gradually with age in males and females. However, CBT decreased significantly with age,

especially in females. This may be due to expansion of the bone marrow cavity by

15
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trabecularization of the cortical bone (Ostertag et al., 2014).

Women have less cortical area than expected for their body size and bone size, which in

part explains their reduced bone strength compared with the more robust bones of men

(Japsen et al., 2015; Schlecht et al., 2015). Our study, in which the femoral bones of

middle-aged and older individuals were analyzed, showed differences in the cross-

sectional morphology of the femoral diaphysis between males and females, and the sex

distinction was significant in older individuals.

As shown in Figure 9, the femoral outer shape did not differ markedly according to

age or sex. Substantial individual differences were nevertheless observed in the shape of

the inner surface of the cortical bone. Elderly females, in whom a rapid remodeling from

cortical bone to cancellous bone occurred, were found to go through considerable changes

that could not be inferred from the external bone appearance. Even among those whose

linea aspera on the posterior surface of the femoral bone did not show apparent changes,

the bone marrow cavity size of some individuals increased markedly due to the gradual

trabecularization and cortical bone porosity.

4.3. Anatomical background of ATFF occurrence

Bisphosphonate drugs have become widely used as therapeutic agents for patients with

osteoporosis, and cases of stress fractures (i.e., atypical subtrochanteric femoral or

atypical fractures of the diaphysis), which rarely occurred in the past, are being reported
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more frequently. Indeed, a higher incidence of ATFF in patients with osteoporosis treated

with bisphosphonates has been reported (Schilcher et al., 2011; Schilcher et al., 2015).

Moreover, some morphological characteristics of cortical bones of the femoral diaphysis

may influence the occurrence of ATFF (Koeppen et al., 2012; Hagen et al., 2014; Niimi et

al., 2015; Szolomayer et al., 2017). However, the mechanisms involved are still unknown.

In this study, we examined morphological changes with ageing in cortical bones of

the femoral diaphysis. First, the values of mCBT near the mid-diaphysis were larger in

younger individuals. Moreover, thinning of the cortical bones progressed throughout the

entire femoral shafts with ageing. Intra-individual regional differences in ACS values

were smaller than those of mCBT, especially in females. We found that PBL values

affected ASC values more than mCBT, which might be due to age-related expansion in

the medullary cavities of the femoral diaphysis. Second, mCBT values were maximal at

Levels 3 or 4 (i.e., a region slightly above the mid-diaphysis) in males and females. On

the other hand, ACS values were maximal at a region slightly distal to the

subtrochanteric region. Indeed, in more than half of the individuals, the region with the

largest ACS was located more proximal to the region with the largest mCBT. That is,

there were many individuals who had discrepancies between the regions with maximal

mCBT and ACS values.

The morphological characteristics of bones change gradually via remodeling in

accordance with Wolff's law. Our results suggested that biological responses to

17
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mechanical stresses to the femoral diaphysis are not uniform. Even so, almost all of these

results were physiological phenomena. In contrast, bisphosphonates, which have

different degrees of bone-resorption inhibiting effects, may promote non-physiological

bone remodeling. In particular, the subtrochanteric region of the femoral shaft, which is

a region of many muscle insertions, receives traction forces in various directions as part

of activities of daily living. Additionally, mechanical stress is reported to be high in these

regions if femoral shaft bowing was severe (Oh et al., 2014; Shin et al., 2017). The risk

of the breakdown of the bone structure in advanced osteoporotic femoral diaphysis may

increase with these various composite factors.

Fracture incidence is increased in various bones with aging in humans. It is

speculated that not only morphological changes in bone but also qualitative changes,

such as changes in the bone quality of cancellous and cortical bones, are involved. Patton

et al. (2018) examined the relationships among age, sex, strength, and stiffness in both

the femoral neck and femoral diaphysis, and found that a nonhomogeneous decrease in

cortical thickness may be related to the high fracture incidence in the femoral diaphysis

in some cases. Considering these results, when an individual with a morphological

vulnerability in the femoral cortical bones takes long-term bisphosphonate, the risk of

occurrence of ATFF may increase.

4.4. Limitations of this study
18
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This study had some limitations: 1st) All the samples used in this study were femurs

without actual atypical fractures. 2nd) This was a cross-sectional study of right femurs

from 90 individuals. Thus, it was not possible to track morphological changes over time.

3rd) Records of health status, medication, and activities before death for each individual

were not available. 4th) Due to the nature of the anatomical skeletal collection

comprising a donor population, the sample was also skewed towards older age ranges.

5th) In addition, due to the nature of the samples, it was impossible to explore

associations between diaphyseal morphology and mechanical properties.

5. Conclusions

In human femoral diaphysis, CBT and ACS decreased with age. This trend was

particularly notable in females. However, a higher reduction rate in CBT than that in

ACS was also observed in females. This may be partly due to an increase in the

circumference of the femoral diaphysis compensating for a decrease in ACS. In addition,

the results also showed that half of the individuals had discrepancies between the

regions with maximal mCBT and those with maximal ACS values in the femoral shaft.

Many muscle tendons are attached to these regions, which receive traction forces in

various directions during activities of daily living. In these biomechanical circumstances

in osteoporotic individuals, some degree of fragility may appear in the femoral bone. As

an additional study, femoral bones of patients with ATFF should be analyzed to clarify
19
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Figure and Table Legends

Figure 1: Method for calculating the threshold using the mode method

A histogram was created on the basis of a frequency table of CT values to calculate the

mean CT value of the first peak (i.e., approximately -1,000; mainly indicating the CT

value of the surrounding air) and the CT value of the second peak (i.e., indicating the CT

value of the bone itself). An example of one slice is shown; CT image of the femoral

diaphysis, width level (WL) 500 and windows width (WW) 2500. The calculated threshold

value was 375, and the contour of the target bone was determined.

Figure 2: Methods to calculate each indicator

Left figure

Cortical bone thickness (CBT); distances between a point (a) on the periosteal surface

and all points on the endosteal surface of the cortical bone were calculated. The minimum

of these values was defined as the CBT of the point. Such calculations were performed

for all points on the periosteal surface of the cortical bone to calculate the CBT of the

entire circumference of the cortical bone.

Periosteal border length (PBL) of each section was calculated by counting the

number of points (pixels) on the periosteal surface.
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Right figure

The area of cross-section (ACS) of each section was calculated by counting all the points

(pixels) in the area surrounded by the periosteal and endosteal perimeters of the cortical

bone (b). The area was corrected by calculating the actual length per pixel in the DICOM

data to take into account the magnification ratio at the time of imaging.

The ratio of the cortical bone area to the ACS of the femoral mid-diaphysis at Level

5 (i.e., the occupancy rate of the cortical bone) was calculated as the cortical index (CI_5;

ie., b/ [b+c] x100).

Figure 3: Analysis results from a 70-year-old female and a 60-year-old female

In this figure, the degree of CBT is visualized. The thicker the cortex, the deeper the red,

whereas the thinner the cortex, the deeper the blue.

Figure 4: Analysis of results from a 70-year-old female and a 60-year-old female (same

samples in Figure 3).

The shapes of the cross-sections for seven levels are shown. In the tables, the values of

the mean cortical bone thickness (mCBT) (average + standard deviation), periosteal

border length (PBL), and area of cross-section (ACS) are shown. Progression of

osteoporosis was observed in the 70-year-old female.
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Figure 5: Cross-sectional images at Level 5 for each individual are shown in ascending

order of cortical index at Level 5 (CI_5) values. Blue indicates images from males, and

red indicates those from females. The number at the center of each figure indicates the

age of the individual.

Figure 6: Values of the cortical index at Level 5 (CI_5)

6-a) Scatter plot showing the relationship between CI_5 and age in males and females

6-b) Box plots of CI_5 values according to age (i.e., group A, <69 years old and group B,

>70 years old) and sex (** p<0.01).

Figure 7: Results of the measurement of cortical bone thickness (CBT)

7-a) Box plots of the comparison of group A (<69 years old, 30 males and 16 females) and

group B (>70 years old, 16 males and 28 females) (* p<0.05, ** p<0.01).

7-b) Scatter plot showing the relationship between mCBT and age in males and females.

Figure 8: Results of area of cross-section (ACS) measurements

8-a) Box plots of ACS values at Levels 2—8 according to age (i.e., group A, <69 years old

and group B, >70 years old) and sex (* p<0.05, ** p<0.01).

8-b) Scatter plot showing the relationship between ACS values and age in males and

females.
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Figure 9: Results of the periosteal border length (PBL) measurement

9-a) Box plots of PBL values at Levels 2—8 according to age (i.e., group A, <69 years old

and group B, >70 years old) and sex (* p<0.05).

9-b) Scatter plot showing the relationship between mean PBL and age in males and

females.

Table 1: Comparison between the level of the maximal mean cortical bone thickness

(mCBT) and that of the maximal area of cross-section (ACS).

The level of the maximal ACS value and that of the maximal mCBT in each femoral bone

is shown. The region with the largest ACS was located more proximal to the region with

the largest mCBT in 48 of 90 individuals (asterisk).
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Figure 6
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Figure 9
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Table 1

mCBT
Level 2 | Level 3 | Level4 | Levelb | Level 6 Total

Level 2 4 6* T* 0 0 17

Level 3 1 22 25* T* 1* 56
ACS Level 4 0 2% 0

Level b 0 0

Level 6 0 3

Total 5 28 39 14 4 90
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