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Abstract

In this prospective nested case-control study we analyzed the circumferential differences in
estimated cortical thickness (Est CTh) of the mid femoral neck as a risk factor for osteoporotic hip
fractures in elderly women and men. Segmental QCT analysis of the mid femoral neck was
applied to assess cortical thickness in anatomical quadrants. The superior region of the femoral
neck was a stronger predictor for hip fracture than the inferior region, particularly in men. There
were significant gender differences in Est CTh measurements in the control group but not in the
case group. In multivariable analysis for risk of femoral neck (FN) fracture, Est CTh in the supero-
anterior (SA) guadrant was significant in both women and men, and remained a significant
predictor after adjustment for FN areal BMD (aBMD, dimensions g/cm?, DXA-like), (p=0.05 and
p<0.0001, respectively). In conclusion, Est CTh in the SA quadrant best discriminated cases
(n=143) from controls (n=298), especially in men. Cortical thinning superiorly in the hip might be
of importance in determining resistance to fracture.
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1. Introduction

The number of hip fractures is increasing worldwide due to rapidly aging populations and an
exponential relationship exists between hip fracture and age in both sexes [1, 2]. Hip
fracture can lead to permanent disability or death [3]. One out of every 4 to 5 patients does
not survive more than 1 year after the fracture [3, 4]. In 90% of all hip fractures cases, a
fracture is sustained through a fall [5].

Current methods of evaluating the risk of proximal femur fracture are based on the idea that
reduced bone strength as measured by (areal) bone mineral density (BMD) is related to
fracture risk [6-8]. Dual-energy X-ray absorptiometry (DXA) and quantitative computed
tomography (QCT) are used to estimate BMD. Yet BMD alone measured by DXA or QCT
in femoral neck does not satisfactorily identify individual subjects at high risk of fracture

[9].

The proximal femur is a complex structure comprised of cortical and trabecular bone.
Marked thinning of the mid-femoral neck cortex with advancing age was first described ex-
vivo in a small sample of male post mortem samples [10] and later in a larger and arguably
representative sample of women and men [11] and is also evident in femoral neck fracture
specimens [11-13]. In normal gait, the greatest stresses occur in the sub-capital and medial
mid-femoral neck regions [14]. Bone is preferentially lost during ageing in the superior
lateral femoral neck [11, 15] which is already thin in childhood where it coincides with the
persistent intra-epiphyseal fibrocartilaginous region [16]. Ageing bone loss may be due to
the stress-shielding effect of bipedalism [17], and such thinning contributes to the fragility
of the elderly human femoral neck in a sideways fall on to the trochanter [9, 11, 12, 14, 18,
19], when a high compressive load is generated. The contribution of trabecular bone to bone
strength in the femoral neck may be low during stance [20] but Manske et al. studying
cadaveric proximal femora by QCT reported that both cortical and trabecular bone
contribute similarly to failure load [21]. Trabecular bone is important in preventing
buckling, but may be less important if the failure mechanism is crushing [22].

In this prospective nested case-control study, our primary aim was to investigate the
predictive ability of regional cortical measurements at the mid femoral neck (using multi-
slice computed tomography, CT) for femoral neck and trochanteric fracture in elderly men
and women. Using baseline CT scans of femoral neck and trochanteric fracture cases and
controls from the population-based AGES-REYKJAVIK study, cortical thickness estimates
in anatomical quadrants were made within a cross sectional region of interest of the mid-
femoral neck, (orthogonal to the femoral neck axis). We used a CT image analysis protocol
that has been shown to be highly reproducible in location and not subject to anatomical drift
with age [23].

2. Material and methods

2.1 Study participants

Individuals were participants in the Age Gene/Environment Susceptibility-Reykjavik Study
(AGES-REYKJAVIK), a single-center prospective ongoing population study of Icelandic
men and women. Design and recruitment have been described in detail [24, 25]. Medical
records were checked biannually from all hospitals receiving hip fractures in Iceland. From
these records, we identified all low trauma fractures, defined as a fracture resulting from a
fall from a standing position or lower. All reported fractures were verified by an orthopedic
surgeon (BM) who reviewed X-rays and categorized the fractures into femoral neck fracture
and trochanteric fracture (using the ICD 10 classification). During an average 4.5 years of
follow-up of 4831 participants in AGES-REYKJAVIK study (with baseline QCT scans
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between 2002 and 2006), 154 first low trauma incident hip fractures (S72.0, S72.1 and
S72.2) were reported. Of those, eleven cases could not be analyzed due to suboptimal image
quality (motion-, slice misregistration artifacts, etc). We designed a case-control study
nested within this prospective cohort study. Using a random selection procedure, 2 controls
were matched to each fracture case matched for calendar year of recruitment, sex, and age
(n=308). Of those, 10 controls could not be analyzed due to suboptimal image quality. The
final sample size resulted in 143 cases (88 women and 55 men) and 298 controls (187
women and 111 men). Differences in characteristics of the random samples and the entire
cohort were compared using t-tests. Overall, the height, weight, BMI and integral femoral
neck vBMD were similar in the control group as in the full AGES-REYKJAVIK cohort
after adjustment for age (p>0.42), confirming the validity of this randomized selection.

At the baseline visit, height and weight were measured and participants were asked to bring
all medications used in the previous 2 weeks to the clinic representing current usage.
Medications known to affect bone density including estrogen replacement therapy, tibolone,
antiepileptics, systemic glucocorticosteroids and agents for the treatment of osteoporosis
(raloxifene, calcitonin or bisphosphonates) were identified. All participants provided written
informed consent, and the study was approved (VSN 00-063) by the National Bioethics
Committee in Iceland as well as the Institutional Review Board of the Intramural Research
Program of the National Institute of Aging.

2.2 Quantitative computerized tomography (QCT) scanning

CT measurements were performed in the hip using a 4-row detector CT system (Sensation,
Siemens Medical Systems, Erlangen, Germany). To calibrate CT Hounsfield units to
equivalent bone mineral concentration, all subjects lay on a calibration phantom (Image
Analysis, Columbia, KY, USA), which extended from a position superior to the L, vertebral
body to the mid-femoral shaft. The phantom contained calibration cells of 0, 75 and 150 mg/
cm3 equivalent concentration of calcium hydroxyapatite. Scans were acquired using a
standardized protocol and encompassed the proximal femur from a level 1 cm superior to
the acetabulum to a level 3-5 mm inferior to the lesser trochanter at settings of 120 kVp,
140mAs, 1-mm slice thickness, pitch=1, pixel size of 0.977 mm and 512x512 matrix in
spiral reconstruction mode using the standard kernel with a 50-cm reconstruction FOV. The
imaging centre uses highly stringent and reproducible daily quality assurance tests to
monitor scanner stability based on a phantom test including measurements of slice
geometry, spatial uniformity, density linearity, spatial resolution and noise. In addition the
imaging centre performs weekly measurements to monitor density linearity of the calibration
phantom described above. The scanner is calibrated to water once every month.

2.3 QCT-derived femoral neck measures

The CT images were processed to extract measures of volumetric BMD (vBMD), areal
BMD (aBMD, DXA equivalent) and bone architecture at the femoral neck using QCT PRO
CTXA software (Mindways, Austin, Texas) according to a protocol described in detail
recently by Poole et al. [23].

Bone segmentation—Automated segmentation of bone from soft-tissue voxels generated
axial, coronal and sagittal reconstructions of the hip followed by 3D rendering and femoral
neck axis placement. A region-growing algorithm classified each pixel as either ‘bone’ or
‘not bone’ using an adaptive classifier. A graphical user interface allowed the operator to
optimize the reconstructed images in 3 planes of section; to properly position the hip for
cortical thickness measurements, to trim excessive soft tissue pixels, fill artefactual bone
holes and optimize the femoral neck axis on the 3D surface-rendered image.

Bone. Author manuscript; available in PMC 2012 June 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Johannesdottir et al.

Page 4

Cortical thickness measurements—A scripting command, written to extract
automatically six contiguous cross-sectional slices of 1 mm thickness of the mid-femoral
neck from a reproducible location for measurements, was used with the QCT PRO Bone
Investigational Toolkit (BIT2) software (Mindways, Austin, Texas). The mid-femoral neck
cross-section placement was automatically directed perpendicular to the femoral neck axis
where the approximate ratio of maximum to minimum diameters equaled to 1.4; slice 6 in
Fig. 1. Studies have shown that where the ratio of the distances between the superior to
inferior (maximum) and anterior to posterior diameters (minimum) is 1.4, this region of the
femoral neck has the lowest cross-sectional area and can be considered the mid-neck [13].
Five further slices were extracted at 1 mm intervals medially. The extracted images had an
interpolated pixel size of 0.488 mm. Estimated cortical thickness (Est CTh) at the mid-
femoral neck was determined in anatomical quadrants. The quadrants were defined by using
the centre of mass and equal angle to simulate anatomical stance. The centre of area was the
internal reference point, with 16 equal sectors defined by equal angles (22.5°) and the first
sector boundary defined by a vertical line; see figure 1. This resulted in four anatomical
quadrants (fig. 1); supero-anterior (SA: from sectors 2,3,4,5), infero-anterior (1A: 6,7,8,9)
and infero-posterior (IP: 10,11,12,13) supero-posterior (SP:14,15,16,1). The cortical bone
threshold was chosen at 450 mg/cm? because this minimized differences from cortical
thickness estimates made by higher resolution CT and histological methods [23, 26]. Est
CTh was calculated for each of the 16 sectors as follows; the cortical area was measured
automatically (by pixel counting) on each cross-sectional image. In each sector, the cortical
bone mass was assumed to be evenly distributed between the two surface boundaries (one
periosteal and the other endosteal). The boundaries were approximated as concentric arcs of
constant curvature, which enclosed the point of the cortical centre of mass (relative to the
intersection point of the sector lines, as estimated by density-weighted pixel counting). The
software automatically selected two radii of curvature (one periosteal, one endosteal) that
matched the pixel counted cortical area. Est CTh by quadrants was averaged across
corresponding sectors and the data from the 6 cross-sections were used to derive a single
mean estimate for each quadrant. Average CTh (AvgCTh) was evaluated as the mean across
the four quadrants. The intra-observer variability of the CTh measurements by quadrants
was estimated using coefficient of variation (CV). The CVs were 4.6% for SP CTh; 6.5%
for SA CTh; 3.9% for IP CTh; and 4.4% for IA CTh (Twenty measurements were repeated
once by one observer (FJ)).

DXA-equivalent femoral neck aBMD, Hip axis length and vBMD—Single mean
integral volumetric BMD (IntvBMD) estimate was made from the 6 cross-sections in the
mid-femoral neck. DXA-equivalent for the total femoral neck aBBMD (FNaBMD) was
determined by the software and hip axis length (HAL) was measured from 2D projection
screen images using the QCT PRO slice-pick measurement tool.

2.4 Statistical analyses

The variables were analyzed after natural log-transformation to normalize their distributions.
The estimated cortical thickness measurements were log-transformed using log(Est CTh+1).
One-way analysis of variance (ANOVA) was used to compare variables among controls, FN
cases, and TR cases. Repeated measures MANOVA were used to determine the differences
and parallelism between controls and cases across the quadrants. Student's t-test was used to
test for female-male differences. The percent differences between cases and controls in Est
CTh by quadrants and FNaBMD were estimated using linear regression on the log-
transfromed data. General linear models were used to estimate percent changes over a 10-
years age interval having the outcomes (CTh) on log-scale; then exponentiating the
regression parameter (slope) for age generates the percent change in 1-year. The correlation
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coefficient between two quadrants was estimated assuming unstructured covariance
structure using a mixed model.

The analysis of time to low trauma hip fracture was performed using the Cox proportional
hazards regression model and results were expressed as hazard ratios (HRs; and 95%ClIs)
per 1 SD change in the parameters. All analyses were adjusted for age, weight and height.
Stepwise selection methods were used in the multiple predictor proportional hazard models
to examine interdependence of CTh by quadrants and total femoral neck aBMD. Women
and men were analyzed separately, as were femoral neck and trochanteric fracture cases.

3.1 Characteristics of the study group

Table 1 shows the distribution of hip fractures by age group and sex in our population. The
proportions of FN and TR fractures were similar in both sexes (p=0.73). Table 2 shows
baseline characteristics of the study subjects. Women who sustained TR fracture had lower
body weight (p=0.006) and lower BMI (p=0.002) than controls. Male TR fracture cases had
marginally lower BMI than male controls (p=0.08). Average age at fracture was 83 years,
independent of sex and fracture type (p=0.62 and p=0.87, respectively).

3.2 Bone measurements in cases and controls

At baseline the female femoral neck fracture cases had longer mean hip axis length, thinner
average cortex, lower total femoral neck aBMD and lower mean integral vBMD at mid-
femoral neck compared to their control group. The women with trochanteric fractures had
lower mean total femoral neck aBMD and integral vBMD at mid-femoral neck and thinner
average cortex than controls. Both the femoral neck and trochanteric male fracture cases had
thinner average cortex, lower mean total femoral neck aBMD and integral vBMD at mid-
femoral neck compared to controls.

3.3 Cortical thickness results analyzed by quadrants

Table 2 shows that in women FN fracture cases had significantly thinner mean Est CTh in
SP and SA quadrants and marginally significant thinner in A Est CTh than controls. TR
fracture cases had significantly thinner Est CTh in all quadrants. In men, both FN and TR
fracture cases had thinner mean Est CTh in all quadrants compared to controls. The relative
differences between FN cases and controls in Est CTh by quadrants were greatest in the
superior quadrants for both men and women. Details are presented in Table 2.

The statistical effects of age on cortical thickness at mid femoral neck were estimated by
quadrants in the controls (Fig. 2). There was a significant decrease in all quadrants for
females but not males (p>0.6 for men). Among women, CTh was reduced by 11%
(95%Cl:-17,-4; p: 0.003) per 10 years in age in the SP quandrant, 18% (95%Cl: -25,-11;
p<0.0001) in SA quadrant, 8% (95%CI: -12,-3; p: 0.001) in IP quadrant and reduced by 9%
(95%Cl: -14,-5; p:0.0002) in 1A quadrant.

3.4 Gender comparison

Mean values for characteristics and QCT variables at femoral neck at baseline showed no
significant difference in BMI between sexes when comparing controls and cases (p>0.45)
(table 2). Female controls had 14% lower total femoral neck aBMD (p<0.0001), 5% lower
mean integral vBMD at mid-femoral neck (p=0.01) and 15% thinner mean cortical thickness
than male controls (p<0.001) although in the infero-anterior quadrant this was not significant
(p=0.42). Male FN cases were not significantly different from female FN cases (p>0.27)
except male FN cases had higher total femoral neck aBMD (p=0.004) which being two
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dimensional is not fully corrected for bone size. The male TR cases did not have
significantly different mean integral vBMD or Est CTh compared to female TR cases,
except that female TR cases had a thinner mean cortex in the supero-posterior quadrant
(p=0.002).

In men, correlation coefficient between two quadrants was: SP~SA: 0.68; SP~IP: 0.49;
SP~1A: 0.50; SA~IP: 0.36; SA~IA: 0.52; IP~IA: 0.52. In women, showing: SP-SA: 0.71;
SP~IP: 0.58; SP~IA: 0.60; SA~IP: 0.62; SA~IA: 0.63; IP~IA: 0.66.

3.5 Comparison between fracture sites

Male TR cases had a thinner mean cortex in the infero-posterior quadrant than male FN
cases (p<0.001); (see table 2).

3.6 Cortical thickness distribution by quadrants

In Cox proportional hazards regression models, the quadrant that best predicted fracture was
the supero-anterior (see later). Figure 3 shows the cumulative distribution of estimated
cortical thickness in the supero-anterior quadrant and femoral neck aBMD in controls and
cases in women and men. Eighty-two percent of female TR cases and 62% of FN cases had
Est CTh less than or equal to 0.5 mm in SA quadrant compared with 44% of the controls.
Differences in men were even greater, 65% of male TR cases and 58% of FN cases had Est
CTh less than or equal to 0.5 mm compared with only 17% of the male controls.

3.7 Association of QCT variables and risk of incident hip fracture

Table 3 shows height, weight and age adjusted HRs for incident hip fracture associated with
1 SD change in each QCT variables, bone density and geometry parameters, at the femoral
neck and medication use in women. The other, structural variables were all significantly
associated with hip fracture apart from the infero-anterior cortical thickness in women. The
significance levels of the risk ratios as well as the risk ratios themselves tended to be higher
in men (Table 3).

Controlling for medication known to affect bone parameters did not change the association
amongst women but numbers were too small in men to be assessed. Medication usage
known to affect bone density (as described in methods) was as follows: 25% of female
controls, 21% of female FN cases, 17% of female TR cases, 7% of male controls, 3% of
male FN cases and 25% of male TR cases.

3.8 Multivariable analysis: Independent predictors of hip fracture

In women the average cortical thickness, as well as the IP, 1A and SP cortical thicknesses,
were not significantly independent predictors when combined with total FN aBMD (table 4).
SA Est CTh and total femoral neck aBBMD were associated with hip fracture when analyzed
alone with adjustment for height, weight and age. SA Est CTh remained as a borderline
significant predictor (p=0.05) for FN fracture after adjustment for total femoral neck aBMD
whereas in this model femoral neck aBMD was not independently significant (p=0.52) (table
4). SA CTh and total femoral neck aBMD were not significant predictors for TR fracture
when included in the same model (p=0.13 and p=0.17, respectively). Nor were Est CTh in
others quadrants significant predictors of TR fractures when combined with total FN aBMD.

In men, the average cortical thickness was a significant predictor when combined with total
FN aBMD for FN cases (p=0.001) but not for TR cases (table 4). SA quadrant was the only
CTh measurement that was significant in multivariable analysis including CTh in all
quadrants when considering FN fracture. SA Est CTh remained as a significant predictor for
FN fracture after adjustment for total femoral neck aBMD (p<0.0001) whereas total femoral
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neck aBMD was not significant in this model (p=0.17) (table 4). Among men, SA Est CTh
and IP Est CTh remained as significant predictors for TR fracture when included in the same
model (SA Est CTh - HR: 2.7, 95% CI: 1.4-5.4, p=0.002 and IP Est CTh - HR: 2.8, 95% ClI:
1.6-5.1, p=0.0004) even after adjustment for total femoral neck aBMD (SA Est CTh - HR:
2.3,95% CI: 1.1-4.6, p=0.03 and IP Est CTh - HR: 2.4, 95% CI: 1.3-4.5, p=0.007) while
total femoral neck aBMD was not significant (p=0.24). Total femoral neck aBMD was
however a significant predictor for TR fracture when adjusted for either SA CTh or IP CTh
(p=0.01) (table 4).

4. Discussion

We have applied a segmental QCT analysis of the mid femoral neck to explore the utility of
cortical thickness in different regions for predicting incident femoral neck and trochanteric
fracture in elderly men and women. Our results suggest that, despite having worse
measurement precision than areal (i.e. DXA-like) BMD, cortical thickness estimated in the
supero-anterior quadrant was the best discriminator of cases from controls.

We wondered if thinning of the cortex could be a good imaging biomarker for hip fracture
for several reasons. Previous studies have indicated that there is marked thinning in the
superior region at the mid-femoral neck with advancing age [10, 11, 15, 23]. Maximal
compressive strain from a sideways fall on to the greater trochanter occurs in the superior
femoral neck [11, 14, 18, 19, 27] with maximal tensile strain in the inferior cortex [22]. In
load-to-failure testing, cadaveric femurs often fractured at the thin superior cortex [28] in a
sideways fall simulation as predicted [11, 18, 22]. The results presented in this paper support
our hypothesis: in Cox proportional hazard models we found a greater risk of fracture with
thinner superior cortices, although the effect was greatest in the SA quadrant. Furthermore,
in both sexes SA Est CTh continued to make an independent contribution after adjustment
for total femoral neck aBMD for FN fracture, whereas in men, SA and IP Est CTh were
significant after adjustment for total femoral neck aBMD for TR fracture.

Others have also reported thinner cortex as a risk for hip fracture [9, 29, 30]. Black et al [9]
found that percent cortical volume was associated with hip fracture risk in men after
adjustment for aBMD. These findings support the hypothesis that femoral neck fracture is
related to cortical strength and/or instability especially in the superior part, although in an
analysis of 2D data from DXA, Kaptoge et al[31] could not demonstrate an independent
effect, which suggests there may be an advantage to 3D analysis.

When the endosteal rate of resorption is greater than the periosteal rate of apposition,
thinning of cortical bone [32] will occur. A critical situation might be reached when this
cortical thinning is greater in one region of the femoral neck than in others causing high
stresses and instability [12, 32]. The greatest difference in mean cortical thickness between
cases and controls was in the SA quadrant and this difference was considerably greater in
men than women. Both, percent differences in mean and cumulative distribution of femoral
neck aBMD and SA Est CTh imply that the discrimination is sharper with cortical thickness.
Our study suggests that, majority of elderly women and a minority of men have a
substantially thinned cortex in the superior neck and therefore preventing falls in this
population is of great importance in addition to strengthening the cortex if possible.

When comparing men and women in our study, there was no difference in Est CTh in
infero-anterior quadrant in controls, which is highly loaded during walking contrasting with
the other quadrants. Interestingly, there were no differences in CTh between male and
female femoral neck fracture cases. The same results were observed when comparing male
and female trochanteric fracture cases except men had significantly thicker cortex in SP
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quadrant (p=0.002). This suggests that women and men might sustain hip fracture at a
similar cortical thickness threshold. Cross-sectional variances in cortical thickness per 10
years in age showed considerable gender difference. Female controls apparently lost CTh
whereas male controls maintained their CTh. The bone decrement with age seems to be
different according to locations within the femoral neck more so in the superior region
which is concordant with published studies [11, 15, 23]. This needs to be confirmed in a
longitudinal study.

The relative contribution of cortical and trabecular bone to fragility of the proximal femur
has caused controversy, but much of this may be explained by different load configurations
in mechanical testing. To investigate the load distribution between cortical and trabecular
bone during a sideways fall, Lotz et al [14], used finite element analysis (FEA) with a coarse
mesh, suggesting that cortical bone carried 50% of the load at the mid-neck during a fall.
Verhulp et al [27] examined the load distribution in one healthy and one osteoporotic human
proximal femur during a fall to the side with a much finer mesh. They suggested that the
trabecular and cortical bone contributions to bone strength were similar but that the highest
strains were located in the cortical shell. The trabecular compartment appeared minimally
loaded in the osteoporotic femur viewed in an orthogonal plane to the neck axis. Manske et
al [21] suggested that both cortical and trabecular bone compartments contribute to proximal
femur strength during a sideways fall and when they used a high threshold to differentiate
cortical from trabecular bone, cortical bone contributed more to the variance in failure load
than trabecular bone.

The average age at fracture was 83 years, independent of both sex and fracture type. This
contrasts with the results of Mautalen et al [33], where TR fracture cases were older than FN
cases. Among women, hip axis length was an independent predictor of FN fracture but not
of trochanteric fractures, consistent with findings of some other studies [19, 34, 35]. HAL
was, however, not an independent predictor of hip fracture in men, in agreement with Pandel
et al [36].

In our study the main contrast between fracture cases and controls was in the superior
quadrants. Duboeuf et al [34] found that upper femoral neck aBBMD measurement is a better
predictor of FN fracture than other areas of the hip. They concluded that hip BMD
(including the inferior cortex) seems to play a more important role in the trochanteric than in
the FN hip fracture. Generally in our study the trochanteric fracture cases were thinner in the
inferior neck compared to FN cases. In the TR fracture group the total femoral neck aBBMD
continued to make an independent contribution when combined with CTh.

A statistical association does not automatically imply direct causation, so our results should
not be interpreted to imply that the initiating cortical crack that starts the fracture event is in
the same supero-anterior quadrant that discriminates best between cases and controls.
However for purposes of clinical prediction the SA quadrant best discriminated cases from
controls. The recent paper by de Bakker et al [28] empirically confirmed the hypothesis that
hip fracture initiate with a failure in the superior femoral neck where stresses are primarily
compressive during a sideways fall. As predicted by Mayhew et al. [11], de Bakker's movies
showed the initial crack rapidly accelerating infero-medially as complete fracture ensued.

Our cortical thickness estimates are sensitive to uncertainties in porosity and degree of
mineralization. Porosity of human cortical bone increases with age [13] and cortical bone
porosity was significantly greater in femoral neck specimens from fracture cases compared
to age-matched controls [12]. Material properties of bone, particularly stiffness and strength
are strongly dependent on the porosity [37-40]. Cortical porosity can vary from less than 5%
to almost 30%. Both elastic modulus and ultimate stress can be reduced by 50% when
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porosity increased from 5% to 30%][39]. The density of cortical bone is a function of both its
porosity and its degree of mineralization. It is generally accepted that in the absence of
osteomalacia or very rapid turnover, variability in bone porosity has a bigger influence on
cortical bone density than its degree of mineralization.

This nested case-control study has several important strengths. It included both women and
men and the spatial resolution QCT-scans were made at a single-center. All measurements
were performed on data acquired before the occurrence of hip fractures, and cases and
controls are part of the same cohort, which ensure their comparability. The analysis of the
scan was performed in a blinded fashion by a single reader. The case-cohort approach
provided adequate power to detect meaningful associations between the proximal femur
measures and fracture risk.

This study also has some limitations. A fracture begins in most structures at a point of
weakness, otherwise known as a flaw which, as a result of applied stress, is caused to grow
to macroscopic size, leading eventually to failure. These flaws can not be identified with
QCT. We evaluated a limited number of QCT structural parameters because of the adverse
trade off between multiple testing and the limited number of cases for inclusion at this stage
in the AGES study. No trochanteric measurements were included in part because we
had no way of validating their accuracy as was done in previous work for the femoral
neck by Mayhew et al[11]. So we can not exclude that assessment of both femoral neck
and trochanteric measurements might give different results. There are certain technical
limitations to the measurement of cortical thickness in vivo. What we have measured with
the BIT2 technique cannot be considered an accurate estimate of the thickness of the cortex
in the thin superior zones, due to the partial volume effect and the tendency to underestimate
the thin cortices to zero. Femoral neck histological cross sections [12] have demonstrated
regions of supero-anterior and supero-posterior cortex in fracture cases that are typically
about 0.3-0.7mm thick. Such thin cortical zones might have implications for risk of fracture
initiation when not only compressive, but also torsional forces are applied. For simplicity in
application, we used a single threshold to delineate cortex from trabecular bone. The
difficulties of resolving thin bone cortices in the femur using a thresholding technique were
documented recently [26]. The partial volume effect tends to make trabecular bone close to
the endosteal boundary appear more dense and cortical bone less dense than they really are
[41, 42]. These effects lead to cortical thickness overestimation particularly in the inferior
region of the femoral neck cortex. Downward bias can also occur when true cortical
thickness approaches the pixel size, especially for highly porous cortices [41] and this
might affect our results more in women than men because of thinner cortexes among
women. Higher apparent cortical density in the inferior regions compared to the superior
regions appeared exaggerated compared to direct measurements made with a scanning SEM
technique [43]. Nevertheless, by average adjacent CTh measurements along the femoral
neck axis to increase the precision, the CVs are comparable to those obtained in 2D Hip
Strength Analysis [44] and to CVs of the architectural parameters estimated by HR-pQCT
[45, 46] while remaining larger than CVs for 2D BMD [47]. As discussed by Kaptoge et al
[31], 2-D BMD's generally excellent coefficients of variation give it an advantage for
diagnostic purposes over less precise outcome measures, even though it may be less directly
related to the predisposing cause of hip fracture. While partial volume errors clearly affect
true estimates, they are unlikely to mask large trends. One reason that the SP quadrant did
not discriminate (compared with SA) may be the greater tendency for the SP quadrant to be
made up of zero-value sectors, both in cases and controls.

In conclusion; an analysis of the spatial distribution of cortical bone within the femoral neck
using computed tomography acquired with thin (1 mm) slices and sophisticated imaging
analysis software may give additional information to DXA in discriminating patients
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destined to suffer a hip fracture. Our results need confirmation in a similar cohort or an
independent case control study. They also raise the question of whether a practical
intervention could be found that would strengthen the superior femoral neck. It is possible to
gain access with a needle to the superior cortex and its underlying trabecular foundation as a
minor procedure through the greater trochanter. Alternatively, anabolic therapies both
current and in prospect might increase subcortical trabecular bone and, as Thomas et al [22]
suggest, reduce the risk of cortical buckling.
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Figure 1.
3D CT rendering (left) showing ROIs and Slice Position. Shape of FN at max/min ratio 1.4

(right) showing anatomical quadrants (note the clockwise shift of one sector due to sagittal
positioning). The red contours show the cortex.
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Figure 2.

Cortical thickness by quadrants and regression lines with age in both female and male
controls. A) Women — CTh in superior quadrants. B) Women — CTh in inferior quadrants.
C) Men — CTh in superior quadrants. D) Men — CTh in posterior quadrants. (Posterior region
in red and anterior in blue).
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Figure 3.

The cumulative distribution of estimated cortical thickness in the supero-anterior quadrant
and femoral neck aBMD in controls and cases in women and men. A) Women — SA Est CTh
B) Women — FN aBMD C) Men- SA Est CTh D) Men — FN aBMD
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Table 1
Fractures vs age in the study group

Women

Controls (n=187) FN Cases (n=47) TR Cases (n=41)

Mean [SD]

Age (years) 79.3[5.2] 79.4[6.1] 79.7 [4.8]
Age at fracture (years) - 83.4 [6.4] 82.3[5.3]
Age group (years) n n n
-69 9 5 0
70-74 24 5 7
75-79 64 12 14
80-84 63 18 14
85+ 27 7 6
Men

Controls (n=111)  FN Cases (n=31) TR Cases (n=24)

Mean [SD]

Age (years) 79.6 [5.1] 80.2 [5.8] 80.1[5.2]
Age at fracture (years) - 83.0[6.1] 83.0 [5.4]
Age group (years) n n n
-69 1 0 0
70-74 22 8 4
75-79 28 5 7
80-84 41 10 8
85+ 19 8 5
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Johannesdottir et al.

Hazard ratios for hip fracture per 1 SD of QCT variables at the femoral neck adjusted for height, weight and
age (standardized for 1 SD decrease in all parameters except for hip axis length where it is standardized for

increase).

Table 3

Women

Any hip fracture

Femoral Neck Fracture

Trochanteric Fracture

HR 95% ClI, p

HR 95% ClI, p

HR 95% ClI, p

Hip axis length (mm)

Femoral neck aBMD (gm/cm?)

IntvBMD™ (mg/cm?)
Avg cth” (mm)

SP Est CTh (mm)
SA Est CTh (mm)
IP Est CTh (mm)

1A Est CTh (mm)

Medication

1.3 (1.0-1.6), 0.06
1.8 (1.4-2.5), 0.0001
1.9 (1.4-2.6), <0.0001

1.7 (1.3-2.3), 0.0002

1.6 (1.2-2.1), 0.001
1.8 (1.4-2.4), <0.0001
1.3 (1.0-1.6), 0.04
1.5 (1.2-2.0), 0.0008
0.8 (0.5-1.4), 0.47

1.4 (1.0-2.0), 0.037
1.7 (1.2-2.6), 0.006
1.8 (1.2-2.6), 0.003

1.6 (1.1-2.3), 0.009

15 (1.1-2.2), 0.023
1.8 (1.3-2.7), 0.0014
1.2 (0.9-1.7),0.29
1.5 (1.0-2.1), 0.023
1.0 (0.5-2.0), 0.92

1.2 (0.8-1.7), 0.32
2.1(1.3-3.2),0.001
2.4 (1.5-3.8), 0.0002

2.0 (1.3-3.1), 0.002

1.8 (1.2-2.8), 0.007
2.1(1.3-3.2),0.001
1.5 (1.0-2.1), 0.05
1.7 (1.2-2.5), 0.005
0.6 (0.2-1.3), 0.19

Men

Any hip fracture

Femoral Neck Fracture

Trochanteric Fracture

HR 95% ClI, p

HR 95% CI, p

HR 95% CI, p

Hip axis length (mm)

Femoral neck aBMD (gm/cm?)

IntvBMD™ (mg/cm?)
Avg cTh* (mm)

SP Est CTh (mm)
SA Est CTh (mm)

IP Est CTh (mm)

1A Est CTh (mm)

1.2 (0.8-1.6), 0.40
3.1 (2.1-4.5), <0.0001
2.9 (2.1-4.0), <0.0001
3.1 (2.2-4.4), <0.0001
2.1 (15-3.0), <0.0001
3.6 (2.4-5.3), <0.0001
2.5 (1.8-3.4), <0.0001
2.1 (15-2.8), <0.0001

1.1 (0.6-1.4), 0.60
2.7 (L.7-4.5), <0.0001
2.9 (1.8-4.5), <0.0001
3.2 (2.0-5.3), <0.0001
2.8 (1.6-4.6), <0.0001
3.5 (2.1-5.8), <0.0001

2.1 (1.4-3.2),0.0006
2.1 (1.4-3.3),0.0003

1.2 (0.7-1.9), 0.50
4.4 (2.4-8.2), <0.0001
3.2 (1.9-5.3), <0.0001
3.6 (2.1-6.2), <0.0001

1.6 (1.0-2.6), 0.05
4.3 (2.3-8.0), <0.0001
3.7 (2.2-6.1), <0.0001

2.3 (1.5-3.8), 0.0004

*
IntvBMD: mean integral vBMD measured from mid-femoral neck; AvgCTh: average of the four quadrants.
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