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Sex Differences in Human Tibia Cortical Bone Morphometrics
from Computed Tomography (CT)

Randee L. Hunter, Karen Briley, Amanda M. Agnew

Abstract Tibia fractures account for the majority of lower extremity injuries during pedestrian-vehicle
interactions. Skeletal development, adaptation and degradation vary throughout the lifespan of males
compared to females, underpinning sex-specific responses to loading. The purpose of this study is to quantify
sex differences in tibia cortical bone morphometrics as they relate to age and body size. Quantitative computed
tomography (QCT) analyses were performed on 128 cadaveric ex vivo tibia. Total area (Tt.Ar), cortical area
(Ct.Ar), cortical thickness (Ct.Th), robustness (Tt.Ar/Le), area moment of inertia (l), and volumetric bone mineral
density (vBMD) were quantified. Males had significantly larger morphometrics throughout the tibia (p<0.005),
with the exception of vBMD (p>0.17). Sex-specific linear regressions demonstrated varying patterns between
males and female with age. Female tibiae were more sensitive to mass as all morphometrics increased
significantly (p<0.01) with body mass, with the exception of Ct.Th and vBMD. Body size was unable to predict
male morphometrics, with the exception of proximal Ct.Ar and vBMD. Differential patterns in tibia parameters
and sex-specific effects of age and body size suggest these should be accounted for in injury risk predictions
rather than simply scaling male data to represent females.
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I. INTRODUCTION

Injury and fatality following pedestrian-vehicle impacts remain a global issue. In the USA, over 129,000
pedestrians were treated in emergency departments in 2015 [1]. In 2017, there were 5,971 pedestrian fatalities,
an increase of 1.7% from 2016, of which 70% were males and 30% were females [2]. Although rarely fatal and
with only a maximum AIS3 severity, lower extremity injuries are the most commonly affected region of the body
during these impacts [3], but recovery is costly and time-intensive [4]. Tibia fractures account for the majority of
these injuries and commonly result from lateral blunt force impacts with the bumper of the vehicle [3][5-6].
Previous studies have explored the injury tolerance of the tibia [7-8] to create injury risk functions. Following
Mather’s [9] conclusions that smaller dimensions rather than sexual dimorphism in material properties drive the
differential response of the tibia in females compared to males, scaling techniques assuming similar but size-
dependent geometric properties were created [10]. However, skeletal development, adaptation, and
degradation vary throughout the lifespan of males compared to females, underpinning sex-specific geometry of
long bones driving differential responses to loading that are unlikely to be captured in modern scaling
techniques.

Recent work has addressed the flaws in scaling technique assumptions, particularly in the lower extremity.
Roberts et al. [11] found that scaling male inversion injury moment data of the ankle overestimates female
response, but scaling within a given sex (e.g. from 50" to 5" percentile female) was less problematic, albeit
unnecessary as these techniques introduced more variation in the dataset. Roberts et al. argued that individual
biomechanical characteristics, including bone geometry, are more indicative of injury probabilities than subject-
level variables such as height and weight [11]. Patton et al. [12] found that males have 158% stronger bone in
the femoral neck at matched stiffness values in females. Multiple studies have found that males have stronger
long bones relative to body size than females resulting from sex-specific processes in how females versus males
build and lose cortical bone tissue [13-14]. Jepsen et al. demonstrated structural differences in female femora
that were fundamentally different from just a slender or smaller version of male femora [14].
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Additionally, sexual dimorphism in age-related changes in bone cross-sectional geometry, bone mineral density
(BMD) and mechanical properties have been demonstrated [15-17]. Thus, simple assumptions concerning the
ability of subject-level variables such as size, sex or even age to predict the injury risk of long bones should be
re-evaluated. Therefore, it is crucial to quantify tibia geometric variation relative to subject-level variables
utilized in establishing injury risk for target demographics (e.g. 5™ percentile female). The purpose of this study
was to quantify sex differences in tibia cortical bone morphometrics as they relate to age and body size.

Il. METHODS

Samples

Left tibiae were excised from 128 fresh post-mortem human subjects (PMHS) ranging in age from 16 to 95 years
(males) and 28 to 98 years old (females) (Table I). PMHS were considered representative of potential variation in
medical histories and causes of death that could reasonably be expected in the modern population of the USA.
Exclusionary criteria included any evidence of ante-mortem fractures (or fracture healing), metastases, or
infections of the tibiae. Ex vivo tibiae were wrapped in normal saline-soaked gauze and stored at -20°C.

TABLE |
SAMPLE SIZE DEMOGRAPHICS
Sex Sample size  Age (mean % std. dev) Body Mass
(kg)
Males 87 63.2+14.1 72.2+14.3
Females 41 63.4+19.8 58.3+14.1

Image Acquisition

Computed tomography (CT) scans were performed on a Philips Ingenuity 64-slice system using a validated
methodology of optimized acquisition parameters (Table II). A QRM phantom with rods of known calcium
hydroxyapatite densities (0-800 mg/cm?) and a water-filled syringe were included in each scan. Reconstructions
were completed using Philips clinical software at a centerline width of 800/2000 and iDose 3 protocol.
Consistency in acquisition and reconstruction parameters was maintained across CT scans to facilitate
quantifying bone morphometric data.

TABLE I
CT ACQUISITION PARAMETERS
Power (kV) Current (mAs) Slice thickness (mm) Matrix size In-plane resolution (mm)
120 262 0.67 1024x1024 0.335

Bone morphometric parameters

Quantitative CT (QCT) analyses of cortical bone were performed using the commercially available and validated
SkyScan CTAn (Bruker) software package. The program allows for measurement, reorientation in x/y/z planes,
and analysis of reconstructed DICOM images. Each tibia was reoriented relative to the medullary cavity and
measured for total length from distal articular surface to the proximal tibial plateau (Fig. 1). Segment site
locations were chosen to be comparable to previous work [18]. Individual volumes of interest (VOI) consisting of
10 slices centered at each segment site (38%, 50% and 66%) were isolated, resulting in 6.7 mm in the z-direction
available for analysis (Fig. 1). Consistent greyscale thresholding values isolated the cortical bone within each VOI
for quantification of morphometric parameters representing bone quantity (Tt.Ar, Ct.Ar, Ct.Th), distribution (lap
and Imy), robustness (Tt.Ar in relation to gross geometry of the bone) [18], and volumetric bone mineral density
(vBMD), a commonly used proxy for material properties (Table Ill). The vBMD values were calculated using the
known densities from the QRM phantom as well as water to create a calibration curve for each tibia. To account
for variation in moment arm for each individual tibia, “body size” was calculated as total body mass (kg)
multiplied by total tibia length (Bm*Le).
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Fig. 1. Representative whole-bone CT scan with VOIs defined at 38%, 50% and 66% of total length.
TABLE Il
QUANTIFIED MORPHOMETRIC DATA

Variable Abbreviation (unit) Description
Total area Tt.Ar (mm?) Total cross-sectional area
. Area between periosteal and
Cortical area Ct.Ar (mm?) P
endosteal borders
Mean distance from periosteal
Cortical thickness Ct.Th (mm) ! perl
to endosteal border
Robustness (mm) Measure of whole bone
geometry (Tt.Ar/length)
Measure of resistance to
Area moment of inertia I (mm?) bending (medial-lateral and
anterior-posterior)
. . . Calculated f librati
Volumetric bone mineral density vBMD (mg/cm?) aicuiated irom cafibration
curves and averaged per VOI
Statistical Analysis

Two-sample t-tests were used to investigate sexual dimorphism in bone morphometric data. Sex-specific linear
regressions were used to determine any age-related changes in tibia morphometrics and determine if, in this
sample, males and females were gaining or losing bone through varying mechanisms. The effect of body size
was quantified through linear regressions using both basic body mass (kg) and the composite measure Bm*Le.
To determine if male and female tibiae were differentially affected by subject-level variables, ANCOVA analyses
of slopes and y-intercepts for each regression were performed.

Ill. RESULTS

Sex Differences in the Tibia

Males demonstrated significantly larger morphometrics at all VOIs compared to females (Table IV). Tt.Ar, I, lap
and robustness increased from distal (38%) to proximal (66%) in both sexes (Table IV, Fig. 2). Ct.Th
demonstrated the opposite trend for both sexes with smaller values at 66% or closer to the knee joint. Although
parameters quantifying cross-sectional bone mass and distribution as well as whole-bone geometry
(robustness) exhibited marked sexual dimorphism, vBMD was not significantly larger in males (Table IV). The
amount of overlap in the range of vBMD values between males and females at all VOIs in the tibia is
demonstrated in Fig. 3.

TABLE IV
SEX DIFFERENCES IN TIBIA MORPHOMETRIC PARAMETERS
Mean * .. .
Parameter Sex Minimum  Maximum p-value
Std.Dev
Male  458.4%51.2 335.7 570.0
0, 2
38 TCLAr(MMT) Lo ale  347.2¢46.2 254.5 472.7 <0.001
Male  340.9+45.7 179.8 4432
0, 2
38% CLAr(mm®) L ale  237.0:45.9 130.7 3543 <0.001
Male  22616+5323 9059 35369
o, 4
38% hw(mmT) L ale 11917:3335 6112 22801 <0.001
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Male 11909+3037 5566 21367

0, 4
38% lap(mm') L dle 66782107 2347 12577 <0.001
Male 5.140.7 26 6.6
38%CLTh(Mm) L ale 4.040.9 23 5.4 <0.001
38% Robustness Male 1.2+0.1 0.8 1.4 <0.001
(mm) Female 1.0+0.1 0.8 1.2 )
38% vBMD Male  1207+44.1 1030.9 1307.2 01
(mg/cm?) Female 1195+46.2 1093.8 1270.9 )
Male  524.8460.7 380.6 681.4
0, 2
0% TLAr(Mm?) Lo ale  395.1+51.7 279.7 526.0 <0.001
Male  367.8450.5 195.3 495.7
0, 2
50% CLAr(mm?) o ale  256.7+52.6 132.9 377.4 <0.001
Male  30475+7177 12064 50130
0, 4
S0% hw(mm®) L ale  15809:4272 7732 27495 <0.001
Male  14477+3876 6772 28106
0, 4
50% le (MMT) L ale 792542492 2493 15815 <0.001
Male 4.9+0.7 2.6 6.2
S0%CLTh(mm) o ale  3.941.0 1.9 56 <0.001
50% Robustness Male 1.4+0.2 0.9 1.7 <0.001
(mm) Female 1.1+0.1 0.8 1.4 )
50% vBMD Male  1198.6+43.4  1029.4 1300.6 020
(mg/cm?) Female 1187.2+48.6 1077.7 1270.7 ’
Male  665.8+82.2 470.9 907.6
0,
66% Tt.Ar Female  494.2+64.5 354.1 643.4 <0.001
Male  365.6+54.9 181.4 518.4
0,
66% Ct-Ar Female  253.8+53.6 1255 368.3 <0.001
Male  44863+10670 13443 73478
0, 4
66% v (Mm®)  Lonale 2290746198 10532 37909 <0.001
Male  18389+4891 7304 34805
0, 4
66% lae (MM?) Lo hale  9680£2937 3144 19275 <0.001
Male 3.8+0.7 2.0 5.2
66% CLTh(Mm)  Loale  3.140.8 1.7 43 <0.001
66% Robustness Male 1.840.2 1.1 2.2 <0.001
(mm) Female 1.4+0.2 1.0 1.8 )
66% VBMD Male  1160.5¢459  1014.7 1263.1 0.5
(mg/cm?) Female 1157.5%47.5 1062.5 1242.8 )
T e :
E E w

g

g

i
Males Females Males Females Males Females Males Females Males Females Males Females
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Fig. 2. Boxplots demonstrating significant sex differences.
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Fig. 3. Boxplot demonstrating no significant sex
differences in vBMD at all VOls.

Effects of Age on the Tibia

There were no significant differences in age distributions between males and females (p=0.94). Sex-specific
linear regressions demonstrated varying patterns of parameters affected by age between males and females.
For males, robustness increased significantly with age at 38% (F(1,85)=7.8, p=0.006), 50% (F(1,85)=7.8, p=0.006)
and 66% (F(1,85)=12.6, p=0.001) VOIs (Fig. 4). Tt.Ar (F(1,85)=6.6, p=0.012) and Im. (F(1,85)=4.6, p=0.04) also
significantly increased with age in males, but only at the 66% VOI. Although age appeared to have significant
effects on these tibia parameters in males, R? values remained low. Age explained only 7.7% of variation in
robustness at both 38% and 50%. At the most proximal VOI (66%), age explained 12% of variation in robustness.
Additionally, only 6.2% and 4.1% of variation in Tt.Ar and Iu, respectively, was explained by age at the proximal
(66%) VOI.

Males

i

Robustness (mm)
- [

,_
F B e e

o o o
B @

Age (yrs)
O 38 ©50% B6%

Fig. 4. Significant (p<0.006) increases in robustness
with age in males.

Females demonstrated a consistent pattern of parameters affected by age throughout the tibia. Contrary to
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males, significant declines occurred in Ct.Ar, Ct.Th and vBMD at all VOlIs. For 38% Ct.Ar (F(1,39)=6.1, p=0.018),
50% Ct.Ar (F(1,39)=6.3, p=0.017) and 66% Ct.Ar (F(1,39)=5.63, p=0.023), age was only able to predict between
10.4% and 11.7% of variation, suggesting weak relationships similar to those found in males. However, both
Ct.Th and vBMD were more sensitive to age-related changes. Ct.Th at 38% (F(1,39)=11.7, p=0.002), 50%
(F(1,39)=12.0, p=0.001) and 66% (F(1,39)=11.2, p=0.002) decreased significantly with age, with R? values ranging
from 21.0% to 21.6%. Lastly, the strongest effects of age were found in females in vBMD, explaining up to 33.4%
of variation (66% site); whereas 25.9% and 26.2% of variation in 38% and 50% vBMD, respectively, was
explained by age (Fig. 5). Although robustness demonstrated increasing trends with age in females as in males,
these relationships were not significant (p>0.8).

Females Females
6000 1300
5000 1250
E S 1200
£ S
= 3.0 __E
e 2 1150
“ 2.000 g
-
1.000 1100
0.000 1051
( 40 60 80 X 120 20 40 60 B 4] )
Age (yrs) Age (yrs)
®38% ©50% A GEY ®38% O50% AGE%

Fig. 5. Significant decreases in Ct.Th (p<0.002) and vBMD (p<0.002) with age in females only.

Effects of Body Size on the Tibia

Despite its weight-bearing nature, few parameters in males appeared to be sensitive to body mass. Simple body
mass (kg) regressions against morphometrics did not predict any measures of bone quantity, distribution, or
whole-bone geometry (p>0.05). In males, however, vBMD increased significantly with body mass at 38%
(F(1,85)=5.4, p=0.02), 50% (F(1,85)=6.6, p=0.01) and 66% (F(1,85)=7.22, p=0.009) VOIs. R? values increased from
distal to proximal in the tibia (4.9-6.8%). Accounting for the length of the tibia in a composite variable for body
mass (Bm*Le) demonstrated significant relationships with Ct.Ar and vBMD in males. At all VOlIs, Ct.Ar and vBMD
increased significantly with Bm*Le, but the relationships remained weak with R? values ranging from only 3.4%
to 6.7%. In addition to Ct.Ar and vVBMD, Iar at 66% (F(1,85)=7.09, p=0.009, R?=6.2%) increased significantly with
Bm*Le but continued to demonstrate a weak relationship in males. Female tibiae were more sensitive to
increasing mass as all morphometrics increased significantly (p<0.01) with both measures of body mass (kg and
Bm*Le) at all sites, with the exception of Ct.Th and vBMD. Bm*Le demonstrated stronger relationships with all
morphometrics in females than simple body mass alone, and these comparisons are reported in Table V.
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Fig. 6. Significant increases with age at 66% sites for both males and females. Trend lines demonstrate no
significant differences in slope (p>0.08), but significantly smaller y-intercepts for females (Ct.Ar, p=0.001; Iap,
p=0.01).

TABLEV

FEMALES ONLY LINEAR REGRESSION WITH BM*LE

Parameter F-value (1,39) p-value R?
38% Tt.Ar 19.51 <0.001 0.32
38% Ct.Ar 14.12 0.001 0.25
38% ImL 25.35 <0.001 0.38
38% lap 15.74 <0.001 0.27
38% Ct.Th 3.30 0.077 0.05
38% Robustness 10.46 0.002 0.19
38% vBMD 2.54 0.12 0.04
50% Tt.Ar 17.34 <0.001 0.29
50% Ct.Ar 9.67 0.003 0.18
50% Iwe 16.80 <0.001 0.28
50% lap 19.65 <0.001 0.32
50% Ct.Th 2.33 0.14 0.03
50% Robustness 8.75 0.005 0.16
50% vBMD 2.44 0.13 0.03
66% Tt.Ar 13.77 0.001 0.24
66% Ct.Ar 8.36 0.006 0.16
66% ImL 14.57 <0.001 0.25
66% lap 19.92 <0.001 0.32
66% Ct.Th 3.10 0.09 0.05
66% Robustness 6.59 0.014 0.13
66% vBMD 2.01 0.16 0.02

To determine if Ct.Ar, vBMD, or lap experienced similar rates of change with Bm*Le, the slopes of male and
female regression lines were compared (Fig. 6). For comparisons between sexes in the effects of body size on
Ct.Ar, trendline slopes were not significantly different (p>0.08) at any VOI, but the y-intercepts for females were
significantly lower than males (p<0.001), indicating that for any given body size, Ct.Ar is smaller in females. A
similar analysis for vBMD revealed no significant differences in slope (p>0.51) or y-intercept (p>0.60) between
sexes at any VOI, suggesting similar mechanisms for changes in this parameter with body size. Lastly, at 66% VOI
there was no significant difference (p=0.6) in slopes for Iap, but females exhibited a significantly smaller y-
intercept (p=0.01).
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IV. DISCUSSION

Significant sex-specific responses to the effects of age and body size demonstrated here provide further
support to the assertion from recent studies that females are not just a smaller version of males [11][14]. The
data presented here suggest that males and females gain and lose bone as well as experience the systematic
effects of age and body size differentially. Sexual dimorphism in tibia morphometric data has been reported in
previous studies [13][15-17] and is supported here in all parameters except vBMD. Contrarily, Walsh et al. [15]
reported smaller cortical vBMD in young males compared to females. However, in a sample ranging in age from
26 to 86 years, Kaji et al. [19] found larger vBMD values in males in the distal radius. Riggs et al. [20] found 35—
42% larger bone areas across the skeleton in males, including significantly larger vBMD. The lack of significant
differences in vBMD between sexes found in this study suggests that this parameter may not be appropriate in
encompassing the level of variation present in loading response and differential injury risk. Although sexual
dimorphism in bone quantity and distribution has been established, it is crucial to investigate further if subject-
level variables impact larger male and smaller female tibia in a manner that would justify current scaling
assumptions.

Differential effects of age on tibia parameters were found in this sample despite no significant differences in
age distribution between sexes. In the current study, the nature of relationships between tibia variables and age
reflected sex-specific patterns. Age demonstrated overall weaker relationships in males than in females,
supporting recent work questioning the relevance of chronological age in predicting skeletal injury [21].
However, the relationship between age and bone morphometric data is not consistent across previous work.
Patton et al. [12] found age- and sex-dependent relationships between stiffness and strength in the femur,
suggesting structure-function link is altered by varying mechanisms in males versus females. Additionally,
Milovanovic et al. [17] found differential effects of age on female compared to male distal tibiae, with females
experiencing stronger response to age-related changes in Ct.Ar, vBMD and Ct.Th than males. Similar to [17], the
females in this study demonstrated stronger inverse relationships in these variables with age than males. Dalzell
et al. [16] also found the greatest relative effects of age on Ct.Th and vBMD in the tibia for females.
Interestingly, the males in this study demonstrated very few but direct relationships with age, contrary to other
work where cortical bone morphometrics tend to decline with age [16-17][20-21]. Here, only robustness was
significantly affected by age throughout the entirety of the tibia in males, demonstrating significant increase
(p<0.05). Although significant increases in Tt.Ar (also reflected in robustness) attributed to periosteal apposition
or expansion have been reported in both sexes with age [16][22], this study found evidence in males only. The
decline in cortical morphometrics and vBMD reported elsewhere in males [16-17][22] was not supported here.
None of the measures of bone quantity, distribution, whole bone geometry, or vBMD exhibited similar
relationships with age for analysis of differential rates of change between sexes.

The effect of body size was investigated using both simple body mass (kg) as well as a composite variable
Bm*Le. Body size, as measured by either variable, did not seem to affect male tibia to the extent that female
tibia parameters varied with mass (kg) or Bm*Le. Previous work in both weight-bearing and non-weight-bearing
skeletal elements has demonstrated significant response in morphometric parameters to variation in body size.
Schlecht et al. [13] reported females have more slender bones than are expected for their body size or bone
size. They also demonstrated increasing robustness with body size (Bm*Le) in all elements. In this study,
although Bm*Le was a better predictor of tibia parameters in both sexes, males did not demonstrate an
increase in robustness. Despite the weight-bearing nature of the tibia and body mass, ranging from 28.1 kg to
109.8 kg, only Ct.Ar and vBMD weakly increased with body size. Conversely, all parameters in females (ranging
from 34.1 kg to 110.2 kg) were significantly affected by body size, suggesting a higher sensitivity present that
may have been mitigated in males by other factors. For Ct.Ar and vBMD, which both demonstrated increasing
trends with body size, comparison of slopes and y-intercepts indicated no significant differences in rates of
change between sexes but a significantly smaller y-intercept for females in Ct.Ar. These differential patterns
suggest a more complex relationship between body size and the tibia that is not captured in current
anthropometric measures. Historically, the sexual dimorphism in bone size was largely attributed to the
mechanical influences of skeletal muscle; however, recent work has found this to be only one facet of the
relationship between overall body and muscle size and bone functional adaptation [23-24]. The importance of
the secretory role of both muscle and bone, which is regulated by a multitude of factors including but not
limited to mechanical forces, may help elucidate the biological underpinnings of these sex differences.
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Ultimately, as Roberts et al. [11] argued, these data support local variation in bone morphometric parameters
that may drive biomechanical response beyond gross anthropometry.

The contribution of geometric variation on injury tolerances at different locations along the length of the tibia
have been investigated as they relate to injury risk prediction [25-26]. Mo et al. [25] found that fracture moment
of tibia varied largely between proximal and distal 1/3 of the tibia, and injury tolerance developed at mid-shaft
may not represent the entirety of the tibia due to variances in cortical geometry. Differences in morphometrics
and vBMD across tibia VOIs was not directly investigated here but have been reported previously [27]. The
proximal tibia appears to be slightly more sensitive to changes in age and body mass, as evidenced by the
addition of significantly affected parameters here, especially in males. The biological relevance of these
variations and implications for differential fragility and fracture risk across the tibia will be elucidated following
future dynamic experimental testing of the tibiae explored in this study.

V. CONCLUSIONS

This study includes a large sample representative of the realistic amount of variation in tibia geometry found
in the population. Females do exhibit smaller measures of bone quantity and distribution than males, a trend
not reflected in vBMD. However, these data, demonstrating dissimilar impacts of age and body size on tibia
morphometrics between sexes, suggest current scaling methods from males to females may be inappropriate to
predict injury. Development of injury risk curves for tibia fractures must take into account the fundamentally
different biological influences in females not present in males and attempt to quantify the factors underpinning
local biomechanical response (such as geometric variation) to loading.
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