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Purpose: Fracture risk is most frequently assessed using Dual X-ray absorptiometry to measure areal bone mineral
density (aBMD) and using the Fracture Risk Assessment Tool (FRAX). However, these approaches have limita-
tions and additional bone measurements may enhance the predictive ability of these existing tools. Increased
cortical porosity has been associated with incident fracture in some studies, but not in others. In this prospective
study, we examined whether cortical bone structure of the proximal femur predicts incident fractures inde-
pendent of aBMD and FRAX score.

Methods: We pooled 211 postmenopausal women with fractures aged 54-94 years at baseline and 232 fracture-
free age-matched controls based on a prior nested case-control study from the Tromsg Study in Norway. We
assessed baseline femoral neck (FN) aBMD, calculated FRAX 10-year probability of major osteoporotic fracture
(MOF), and quantified femoral subtrochanteric cortical parameters: porosity, area, thickness, and volumetric
BMD (vBMD) from CT images using the StrAx1.0 software. Associations between bone parameters and any
incident fracture, MOF and hip fracture were determined using Cox's proportional hazard models to calculate
hazard ratio (HR) with 95% confidence interval.

Results: During a median follow-up of 7.2 years, 114 (25.7%) of 443 women suffered one or more incident
fracture. Cortical bone structure did not predict any incident fracture or MOF after adjustment for age, BMI, and
previous fracture. Each SD higher total cortical porosity, thinner cortices, and lower cortical vBMD predicted hip
fracture with increased risk of 46-62% (HRs ranging from 1.46 (1.01-2.11) to 1.62 (1.02-2.57)). After adjust-
ment for FN aBMD or FRAX score no association remained significant. Both lower FN aBMD and higher FRAX
score predicted any incident fracture, MOF and hip fractures with HRs ranging from 1.45-2.56.

Conclusions: This study showed that cortical bone measurements using clinical CT did not add substantial insight
into fracture risk beyond FN aBMD and FRAX. We infer from these results that fracture risk related to the
deteriorated bone structure seems to be largely captured by a measurement of FN aBMD and the FRAX tool.

1. Introduction

Fracture risk is most frequently assessed using Dual X-ray absorpti-
ometry (DXA) to measure areal bone mineral density (aBMD) and the
Fracture Risk Assessment Tool (FRAX), which includes many clinical
risk factors [1]. However, these approaches have limitations as the
majority of osteoporotic fractures occur in individuals with BMD values
above the threshold for osteoporosis and without a high FRAX score
[2-4]. Additional bone measurements may enhance the predictive

ability of these existing tools.

As 80% of the skeleton is cortical bone, there has been a focus on the
association between cortical bone traits and fracture risk during the last
two decades [5]. Several cross-sectional and cohort studies have shown
associations between both cortical and trabecular bone measurements
and fracture risk, using high-resolution peripheral quantitative
computed tomography (HR-pQCT) [6-16] and QCT [17-19]. The BoMIC
study of 7254 women and men from eight cohorts showed no strong
association between cortical porosity and incident fractures, as opposed
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to findings from cross-sectional studies [12,14-16]. The BoMIC study
used the threshold based Scanco software for assessment of bone
microarchitecture. Only one prospective study has used the StrAx1.0
software, which takes into account the trabecularization of cortical bone
when separating cortical from trabecular bone compartment [9,20].

In contrast to HR-pQCT, clinical CT is readily available in most
health care institutions worldwide. CT is used for diagnostics and pre-
operative planning at departments of orthopedic surgery. If already
obtained CT images could be used for fracture prediction instead of DXA,
it would be beneficial for both patients and health care institutions
concerning costs and efficacy.

HR-pQCT can only be applied at peripheral sites, and it is unclear
whether peripheral measurements are representative of bone traits at
central sites. For measurements at the fracture location, HR-pQCT is at a
disadvantage with respect to the most important osteoporotic fractures,
i.e. spine and hip. To the best of our knowledge, no prospective study has
used the StrAx1.0 software to assess the bone structure at a central site
for prediction of fractures. We examined whether cortical bone structure
of the proximal femur in postmenopausal women predicts incident
fracture at any location, major osteoporotic fractures (MOF) or hip
fractures, independent of FN aBMD and FRAX score.
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2. Material and methods
2.1. Subjects

The Tromsg Study is a large single center population-based study in
Norway and consists of seven surveys, conducted between 1974 and
2015-2016 [21,22]. Among the 27,158 participants in the fourth survey
in 1994-1995 (Tromsg 4), all women with non-vertebral fractures were
registered from the x-ray archives of the University Hospital of North
Norway between 1994 and 1995 and 2010 (Fig. 1). This fracture
registration has been validated as previously reported [23,24]. In a prior
nested case-control study initiated in 2011, a total of 1250 women who
had suffered a fracture of the hip, wrist or proximal humerus were
identified [14].

All the 760 women who were residing in Tromsp were invited.
Women who were premenopausal, receiving AOD, had pathological
fracture or implanted hip prosthesis or osteosynthesis were excluded,
leaving 264 cases attending the study (Fig. 1). Randomly selected age-
matched fracture-free controls were invited from the Tromsg 4. After
applying the same exclusion criteria, 260 of the 1186 invited controls
were included in the final analysis. Further, 15 women were excluded
because of ongoing hormone therapy and 66 due to movement artifacts
on CT images. Thus, a total of 443 women, 211 cases and 232 controls,
were included in the prior nested case-control study. We pooled these
443 postmenopausal women aged 54-94 years at baseline (November

27,158 participants in Tromse 4 (1994-1995)

Cases

1250 women > 50 years

of age with fracture (hip,
proximal humerus or wrist)

Controls

1186 randomly selected
women, age-matched and
fracture-free

760 women residing in Tromse
in 2011-2012

496 excluded

(hip prosthesis,
pathological fracture,
premenopausal or
bisphosphonate therapy)

A4

926 excluded
(non-responders,

hip prosthesis,
premenopausal or
bisphosphonate therapy)

524 women (265 cases and 260 controls attended)

81 excluded

(15 on hormone therapy,
66 movement artifacts)

443 women (211 cases and 232 controls) were included in a
prior nested case-control study in 2011-2013.

These 443 women were pooled and included in the current
prospective study with follow-up until 1 December 2019

Fig. 1. Participants in the prior nested case-control study in 2011-2013, based on the Tromsg¢ Study, with follow-up until 2019 in the current prospective study.
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2011-January 2013) and collected information about their incident
fractures during follow-up until 1 December 2019 in this current pro-
spective study. All participants provided written informed consent, and
the study was approved by the Regional Committee of Research Ethics
(REK reference 2010/2282) and the Norwegian Data Inspectorate.

2.2. Baseline assessments

Baseline information was collected from November 2011 through
January 2013 in the prior nested case-control study. Self-administered
questionnaires included information concerning the participants' frac-
ture history, diseases, use of medication and lifestyle. Body weight and
standing height were measured in light clothing without shoes, and body
mass index (BMI) was calculated. Femoral neck (FN) aBMD was
measured using DXA (GE Lunar Prodigy, Lunar Corporation, Madison,
WI, USA) scans of the nondominant hip. In case of a previous hip frac-
ture, the contralateral side was measured. The coefficient of variation
(CV) was 1.7%.

The FRAX score for 10-year probability of MOF was calculated using
the FRAX tool, which includes age, sex, weight, height, previous frac-
ture, parental hip fracture, glucocorticoid use, smoking, rheumatoid
arthritis, secondary osteoporosis, alcohol consumption and FN aBMD.

Bone structure was assessed at the nondominant hip using CT scans
(Siemens Somatom Sensation 16, Erlangen, Germany) with an in-plane
resolution of 0.74 mm, and slice thickness of 0.6 mm as previously re-
ported in details [14,25]. The hip was scanned from just proximal to the
femoral head to 2 cm distal to the lesser trochanter. Images were
transferred to Melbourne, Australia for analysis using the StrAx1.0
software [20]. The region of interest (ROI) was confined to the 3.7 mm
subtrochanteric region distal to the lesser trochanter and standardized
by starting at the tip of the lesser trochanter, because the cortex is
thicker in this region compared to the cortices at the femoral head,
femoral neck, and the greater trochanter. Figures of ROI are previously
published [25,26]. The thicker cortex at the subtrochanteric site (range
2.3-6 mm) is suitable for studying cortical bone structure. However, due
to the limited amount of trabecular bone these analyses were omitted.
The StrAx1.0 software is a density-based method that automatically
selects attenuation profile curves and segments the bone into its
compact-appearing cortex, outer and inner transitional zones (OTZ and
ITZ), and trabecular compartment [14,20,25]. This segmentation is
performed similarly in any CT image regardless of its resolution. Accu-
racy of porosity measurements have been validated by comparing HR-
pQCT and clinical CT measurements of the same ROI at the sub-
trochanteric region of the proximal femur in eleven cadaveric specimens
[26]. The correlation between porosity measured by HR-pQCT and CT
ranged from r = 0.94 for total cortical porosity to r = 0.86 for the ITZ.

The StrAx1.0 software quantified the femoral subtrochanteric
porosity of the total cortex, compact cortex, OTZ and ITZ, cortical area,
cortical thickness, and cortical volumetric BMD (vBMD). The total
cortical porosity as assessed by StrAx1.0 includes porosity not only of
the compact cortex but also the transitional zone, and porosity produced
by large pores (>100 pm) and small pores (<100 pum), as StrAx quan-
tifies porosity as a fraction of void regardless of size of the pores [20].
The cortical porosity presented here is the average void volume fraction
within the total cortex. The porosity quantified by this algorithm is the
proportion of emptiness within each voxel or the fraction of the bone
occupied by void (porosity). The size and number of pores were not
determined by using this software.

2.3. Follow-up and incident fractures

Follow-up time was defined as the years contributed by each
participant from the date of the baseline visit (2011-2013) to the
following events: the first incident fracture of any type, to death, when
the participants moved, or the closing date (1 December 2019),
whichever occurred first. Follow-up time to the first incident MOF and
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follow-up time to the first incident hip fracture were similarly defined as
the years until the first fracture event within each of these fracture
groups following the same procedure. Therefore, the number of frac-
tures within each of the fracture groups varied, depending on which type
of fracture that occurred first.

Information on all incident fractures was obtained by scrutinizing
the participants' medical records and the radiographic reports from the
archives of The University Hospital of North Norway in Tromsg. All
incident fractures were adjudicated by a physician. Fractures of fingers,
toes, skull, and face were not included. Some of the vertebral fractures
were incidental findings, and the date of the x-ray scan was registered as
the date of fracture.

2.4. Statistical analysis

Normally distributed baseline characteristics are presented as mean
+ standard deviation (SD). The FRAX score variable with skewed dis-
tribution is presented as median and range and was log-transformed for
further statistical analysis. Baseline characteristics of women with any
type of incident fractures, MOF or hip fractures were compared with the
women without any incident fracture using analysis of variance
(ANOVA). The analysis were adjusted for age and/or previous fracture,
except for the models of FRAX that were unadjusted.

Associations between baseline bone parameters and incident fracture
of any type, MOF or hip fractures were determined using Cox's propor-
tional hazard models. Hazard ratios (HRs) with 95% confidence in-
tervals (CIs) are presented per SD difference in bone parameters in the
expected direction of increased fracture risk. The models of bone pa-
rameters were analyzed unadjusted, adjusted for age, BMI, and previous
fracture, and additionally adjusted for FN aBMD. To further test whether
the bone parameters predicted fractures independent of the FRAX score,
models were adjusted for FRAX scores only. The final models included
all the covariates with p < 0.05. Values of p < 0.05 were considered
significant. The statistical analysis was performed using SAS Software
package, v9.4 (SAS Institute Inc., Cary, NC, USA).

3. Results

The baseline characteristics of the fracture-cases and the age-
matched fracture-free controls from the prior nested case-control
study are presented in Table 1 (14). In brief, the fracture-cases had
lower FN aBMD (794 vs. 860 mg/cmz), higher FRAX score (15.1 vs.
10.8%), smaller cortical area (409 vs. 417 mmz), thinner cortices (4.06
vs. 4.36 mm), and higher total cortical porosity (43.8 vs. 41.7%)
compared to the controls.

3.1. Incident fractures

During a median follow-up of 7.2 years (range 0.1-8.0), 114 (25.7%)
women had one or more incident fractures, 77 women had a MOF, and
17 women had a hip fracture as the first incident fracture (Table 2).
Women in the baseline fracture-group sustained 63% of the incident
fractures and women in the control-group sustained 37%. Of the 114
women with incident fractures, 109 sustained 1 fracture, 23 sustained 2
fractures, 4 sustained 3 fractures and 1 sustained 4 fractures. All par-
ticipants except two had low-energy fractures. Exclusion of these two
women did not change the results.

3.2. Women with and without incident fractures

Women with any incident fracture had lower baseline FN aBMD,
higher FRAX score, and a higher percentage with previous fractures
compared to women without incident fractures (Table 3). There was no
difference regarding porosity of the compact cortex, OTZ, ITZ, cortical
area or cortical thickness between the groups. Women with incident
MOF were older, had lower FN aBMD, higher FRAX score, and a higher
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Table 1

Baseline characteristics of postmenopausal women by fracture status in the prior
nested-case control study from the Tromsg study, who were pooled for follow-up
in this prospective study.

Cases Controls p
n 211 232
Age (years) 68.4+7.7 68.3 + 6.7 0.937
Weight (kg) 68.9 + 10.5 70.0 +10.8 0.280
Height (cm) 162.7 + 6.1 161.2 + 6.6 0.011
Body mass index (kg/m?) 26.0 + 3.8 27.0 + 4.3 0.015
Physical activity (hours/week) 2.6 +t1.6 25+1.7 0.421
Currently smoking, n (%) 29 +13.7 24 +£10.3 0.257
Alcohol intake (drinks/week) 3.2+3.7 3.3+3.5 0.407
Teetotaler, n (%) 22 (10.4) 18 (7.8) 0.328
History of previous fracture, n (%) 54 + 25.6 0
Parental hip fracture, n (%) 34 +16.3 37 £16.0 0.469
Self-reported good health, n (%) 147 +£70.3 165 + 71.1 0.958
Rheumatoid arthritis, n (%) 11 +£5.2 8+ 35 0.407
Oral corticosteroid use, n (%) 8+ 3.8 24+09 0.023
Take calcium supplements, n (%) 44 4+ 20.9 28 +12.1 0.007
Take Vitamin D supplements, n (%) 163 +£77.3 166 + 71.6 0.278
Femoral neck (FN) aBMD (mg/cmz) 794 + 100 860 + 110 <0.001
FRAX score for MOF (%) 15.1 + 8.4 10.8 + 4.9 < 0.001
Femoral subtrochanteric bone structure
Total cortical porosity (%) 43.8 + 4.35 41.7 + 3.39 < 0.001
Compact cortex porosity (%) 35.3 +£3.10 34.3 + 2.67 0.001
Outer TZ porosity (%) 45.6 + 2.41 45.3 +2.18 0.216
Inner TZ porosity (%) 84.1 +£1.57 84.2+1.43 0.570
Cortical area (mmz) 409 + 39.1 417 + 39.4 0.029
Cortical thickness (mm) 4.06 + 0.58 4.36 + 0.54 < 0.001
Cortical vBMD (mg HA/cm®) 1025 + 72.6 1059 + 56.6 < 0.001
Total bone vBMD (mg HA/cm®) 684 + 113 750 + 90.0 < 0.001

Numbers are mean + SD or number (%).

Cases and controls are compared using ANCOVA adjusted for age.

FRAX = Fracture Risk Assessment Tool for calculation of the 10-year probability
of a major osteoporotic fracture (MOF), aBMD = areal bone mineral density,
vBMD = volumetric BMD, TZ = transitional zone.

Table 2

Number of women with any type of incident fracture, major osteoporotic frac-
ture (MOF) and hip fracture as the first fracture that occurred during follow-up
from 2011 to 2013 to 2019.

Any fracture MOF Hip

Vertebral 15 17

Hip 13 14 17
Proximal humerus 11 11

Wrist 33 35

Clavicle 4

Rib 3

Pelvis 1

Elbow 5

Hand 8

Patella 2

Ankle 10

Foot 9

Total number 114 77

The number of each type of fracture within the fracture groups varied because
we included the first fracture of any type in the analysis of any fracture, the first
MOF in the analysis of MOF and the first hip fracture in the analysis of hip
fracture that occurred during follow-up.

percentage with previous fractures compared to women without inci-
dent fractures. There was no difference regarding porosity of the
compact cortex, OTZ, ITZ, cortical area or cortical thickness between the
groups. Women with incident hip fractures were older, had higher FRAX
score, higher total cortical porosity and lower cortical vBMD compared
to women without incident fractures. As porosity of the cortical com-
partments did not differ between women with and without fractures,
only total cortical porosity was included in further analyses of fracture
prediction for simplicity.
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3.3. Cortical measurements and any incident fracture, MOF and hip
fractures

Cortical bone structure did not predict any incident fracture or MOF
(Tables 4 and 5). Per SD higher cortical porosity, thinner cortices, and
lower cortical vBMD, HRs (95% CI) for incident hip fractures were 1.46
(1.01-2.11),1.62 (1.02-2.57), 1.46 (1.01-2.11) as shown in Table 6. All
above-mentioned analyses were adjusted for age, BMI, and previous
fracture. None of the associations remained significant after additionally
adjustment for FN aBMD or FRAX. Both lower FN aBMD and higher
FRAX score predicted any incident fracture, MOF and hip fractures with
HRs ranging from 1.45-2.56. The correlations between cortical porosity,
area, and thickness and FN aBMD were — 0.37, 0.52, 0.47, all p < 0.001.

3.4. Osteopenia, cortical porosity and any incident fractures, MOF and
hip fractures

In 255 women with osteopenia (T-score between —2.5 and — 1.0), 79
women had incident fractures of any type, 53 had MOF and 13 had hip
fractures. Cortical porosity did not predict any type of fracture (HR 1.05;
0.85-1.31) or MOF (HR 1.10; 0.86-1.42). Cortical porosity predicted hip
fractures independent of FN aBMD and age (HR 1.55; 1.00-2.39) p =
0.049, but not independent of FRAX (HR 1.55; 0.97-2.47) p = 0.068.

4. Discussion

This is the first prospective study of the associations between cortical
bone parameters and incident fractures using QCT images obtained at
the hip and analyzed using the StrAx1.0 software. Each SD higher
cortical porosity, thinner cortices, and lower cortical vBMD predicted
hip fracture with increased risk of 46-62%. Each SD lower FN aBMD and
higher FRAX score increased the risk for any incident fracture, MOF and
hip fractures with HRs between 1.45 and 2.56.

Several cross-sectional studies have shown associations between
cortical bone structure and risk of fracture using HR-pQCT [8,12,14-16]
and QCT [17-19]. In a prospective study of 456 older Swedish men,
cortical area and cortical thickness of the distal tibia predicted any
incident fracture and MOF independently of aBMD, but cortical porosity
did not [13]. In other studies using HR-pQCT, cortical area of the distal
tibia and/or distal radius predicted incident fractures, whereas cortical
thickness showed ambiguous results [6,7,9-11,27]. Cortical thickness,
cortical and trabecular vBMD assessed using QCT of the hip were asso-
ciated with hip fracture in some small case control studies [17,19]. None
of the prospective studies based on HR-pQCT and QCT [28,29] reported
an association between cortical bone structure and incident fracture
independent of FN aBMD, except for Biver et al., the only study using
both Scanco and StrAx1.0 software [9].

Most of the prospective studies, also the large BoMIC study, used the
Scanco software. Scanco is a threshold-based method for separation of
cortex from trabecular bone, and quantifies porosity by including only
pores above 100 pm and empty voxels, resulting in an underestimation
of porosity [5,25]. In contrast, the StrAx1.0 software is a density-based
method that takes into account the transitional zone and the partial
volume effect when quantifying porosity within each compartment [20].
The total cortical porosity assessed by StrAx1.0 is the average porosity of
the compact cortex, OTZ and ITZ and it is therefore higher. Cortical
porosity at the distal radius has been shown to differ within a range of
1-13% by Scanco and 38-77% by StrAx1.0 software [9]. It has been
reported that the threshold-based method underestimates porosity by
3-11% and that a density-based method overestimates porosity by
6-21% [30], however, this is not reported for StrAx1.0. The threshold-
based method could not quantify the volume of the pores below 100
pm, only larger pores, whereas the density-based StrAx1.0 method could
not quantify the size and number of the pores. Capturing the correct cut-
off between the gradual change in attenuation from cortical to trabec-
ular bone is challenging, because trabecularized cortical bone of the
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Table 3

Baseline characteristics of women without any incident fracture, and women with any incident fracture, MOF and hip fracture.
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Without any incident fracture (n = 329)  Any fracture (n =114) p MOF p Hip fracture
n=77) (n=17)

Age (years) 68.0 + 7.0 69.4 +£7.8 0.112° 69.9 £+ 8.1 0.031% 758 £7.8 <0.001*
Body mass index (kg/m?) 26.7 + 4.3 25.9 + 3.4 0.092 25.6 + 3.5 0.062 26.7 + 3.4 0.720
FN aBMD (mg/cm?) 842 + 110 792 + 105 0.004 783 + 99 0.007 765 + 96 0.117
FRAX score (%) 10 (4-44) 15 (5-48) <0.001 15 (5-48) <0.001 20 (7-32) <0.001
Previous fracture, n (%) 139 (42.3) 72 (63.2) <0.001" 53 (68.8) <0.001" 11 (64.7) 0.063"
Femoral subtrochanteric bone structure

Total cortical porosity (%) 42,5+ 3.94 43.4 £ 4.13 0.271 44.0 + 4.34 0.092 45.3 +5.82 0.035

Compact cortex porosity (%) 34.7 £ 2.87 35.0 £+ 3.05 0.616 35.4 +3.14 0.223 35.7 + 3.65 0.286

Outer TZ porosity (%) 45.4 + 2.25 45.6 + 2.43 0.423 45.8 + 2.53 0.191 46.0 + 2.60 0.339

Inner TZ porosity (%) 84.0 + 1.53 84.3 +£1.37 0.050 84.4 +1.44 0.054 84.4 +£1.82 0.443

Cortical area (mm?) 415 + 41.0 410 + 34.7 0.535 407 + 33.8 0.366 398 + 31.0 0.198

Cortical thickness (mm) 4.23 + 0.58 4.16 + 0.56 0.883 4.08 + 0.59 0.539 3.83 £ 0.77 0.071

Cortical vBMD (mg/cm®) 1047 + 65.8 1031 + 68.9 0.270 1000 + 97.2 0.092 1000 + 97.2 0.035

Values are mean =+ standard deviation, median (range) or number (%).
FN = femoral neck, aBMD = areal bone mineral density, FRAX = Fracture Risk Assessment Tool for calculation of 10-year probability of major osteoporotic fracture

(MOF), vBMD = volumetric BMD, TZ = transitional zone.

All fracture groups were compared with women without any incident fracture using analysis of variance.
All the models were adjusted for age and previous fracture, except:

# Adjusted for previous fracture.

b Adjusted for age, the models of FRAX were unadjusted.

Table 4

Hazard ratio (95% CI) for any incident fracture per SD difference in baseline measurements.

SD unit Unadjusted Adjusted” Additionally adjusted for FN aBMD Adjusted for FRAX score only

Age +7.2 1.18 (0.98-1.41)

Body mass index (BMI) —4.1 kg/m?> 1.18 (0.98-1.42)

Previous fracture Yes vs no 1.88 (1.28-2.76)"

FN aBMD -110 n‘lg/cm2 1.52 (1.24-1.87)° 1.36 (1.08—1.71)h

Log-FRAX score +1.00 1.49 (1.24-1.78)°

Femoral subtrochanteric bone structure
Total cortical porosity +4.01% 1.17 (0.99-1.39) 1.06 (0.89-1.26) 1.00 (0.83-1.19) 1.07 (0.90-1.27)
Cortical area -39.5 mm? 1.12 (0.93-1.34) 1.03 (0.85-1.26) 0.88 (0.71-1.11) 1.01 (0.83-1.22)
Cortical thickness -0.58 mm 1.07 (0.89-1.29) 0.93 (0.76-1.13) 0.83 (0.67-1.02) 0.94 (0.78-1.14)
Cortical vBMD —66.9 mg/cm® 1.17 (0.99-1.39) 1.06 (0.89-1.26) 1.00 (0.83-1.19) 1.07 (0.90-1.27)

FN = femoral neck, aBMD = areal bone mineral density, FRAX = Fracture Risk Assessment Tool for calculation of 10-year probability of major osteoporotic fracture,

vBMD = volumetric BMD.

# Adjusted for age, BMI and previous fracture.

b p<o0.01.
¢ p < 0.001.

Table 5

Hazard ratio (95% CI) for incident major osteoporotic fractures (MOF) per SD difference in baseline measurements.

SD unit Unadjusted Adjusted” Additionally adjusted for FN aBMD Adjusted for FRAX score only

Age +7.2 1.26 (1.01-1.58)"

Body mass index (BMI) —4.1 kg/m? 1.28 (1.01-1.62)"

Previous fracture Yes vs no 2.31 (1.42—3.77)d

FN aBMD -110 mg/cm2 1.65 (1.28-2.13)¢ 1.38 (1.04-1.83)°

Log-FRAX score +1.00 1.45 (1.16-1.81)

Femoral subtrochanteric bone structure
Total cortical porosity + 4.01% 1.31 (1.07-1.60)° 1.15 (0.94-1.40) 1.08 (0.88-1.34) 1.21 (0.99-1.48)
Cortical area - 39.5 mm? 1.21 (0.97-1.52) 1.09 (0.86-1.39) 0.94 (0.71-1.24) 1.11 (0.88-1.41)
Cortical thickness - 0.58 mm 1.22 (0.98-1.53) 1.02 (0.80-1.29) 0.89 (0.68-1.16) 1.10 (0.87-1.38)
Cortical vBMD —66.9 mg/cm3 1.31 (1.07-1.60)° 1.15 (0.94-1.40) 1.08 (0.88-1.34) 1.21 (0.99-1.48)

FN = femoral neck, aBMD = areal bone mineral density, FRAX = Fracture Risk Assessment Tool for calculation of 10-year probability of major osteoporotic fracture,

vBMD = volumetric BMD.

# Adjusted for age, BMI and previous fracture.

b p < 0.05.
¢ p<0.01.
4 p <0.001.

In the only prior prospective study using StrAx1.0, cortical porosity
of the ITZ of the distal tibia and distal radius predicted incident fractures
independent of FN aBMD but not independent of distal radius aBMD [9].
The reason for this could be that the intracortical remodeling is more

inner cortex may look similar to trabecular bone [31]. The pathophys-
iology of bone can be seen as a lower bone mass or as a larger volume of
pores. The latter is intuitive as a bone full of pores are weaker and more
likely to fracture.
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Hazard ratio (95% CI) for incident hip fractures per SD difference in baseline measurements.

SD unit Unadjusted Adjusted” Additionally adjusted for FN aBMD Adjusted for FRAX score only

Age +7.2 2.73 (1.77-4.22)"

Body mass index (BMI) —4.1 kg/m2 0.96 (0.60-1.52)

Previous fracture Yes vs no 1.94 (0.72-5.24)

FN aBMD —-110 mg/cm? 2.01 (1.15-3.54)" 1.55 (0.88-2.75)

Log-FRAX score +1.00 2.56 (1.60—4.11)d

Femoral subtrochanteric bone structure
Total cortical porosity +4.01% 1.69 (1.13-2.52)" 1.46 (1.01-2.11)" 1.36 (0.90-2.06) 1.33(0.88-2.01)
Cortical area -39.5 mm? 1.52(0.93-2.53) 1.54 (0.91-2.59) 1.32(0.71-2.45) 1.26 (0.74-2.13)
Cortical thickness -0.58 mm 1.92 (1.21-3.05)° 1.62 (1.02-2.57)" 1.51 (0.88-2.59) 1.48 (0.92-2.39)
Cortical vBMD —66.9 mg/cm® 1.69 (1.13-2.52)" 1.46 (1.01-2.11)" 1.36 (0.90-2.06) 1.33(0.88-2.01)

FN = femoral neck, aBMD = areal bone mineral density, FRAX = Fracture Risk Assessment Tool for calculation of 10-year probability of major osteoporotic fracture,

vBMD = volumetric BMD.
# Adjusted for age, BMI and previous fracture.
> p <0.05.
¢ p<0.01.
4 p <0.001.

pronounced in the cortex adjacent to the marrow cavity, which corre-
sponds to the ITZ [5]. However, the association between ITZ and inci-
dent fractures is unclear as most studies have used the Scanco software
which does not enable measurement of this compartment. Although the
present study had similar sample size and number of incident fractures
in postmenopausal women of same age as Biver et al., we did not find an
association between cortical porosity and incident fractures indepen-
dent of FN aBMD [9]. Measurements of the cortical bone structure at the
distal radius may better predict MOF, which is dominated by forearm
fracture. The discrepancy in the results may be due to different sites of
measuring bone structure. The finding of increased risk for hip fracture
in postmenopausal women with thinner cortices and higher total
cortical porosity of the femoral subtrochanteric site is in agreement with
the findings by Sundh et al. who reported increased risk of hip fractures
in older women with thinner cortices and higher cortical porosity at the
distal tibia in a case-control study [12].

A strength of this study is its prospective design with a median follow
up 7.2 years, including x-ray verified fractures in subjects from a general
population and a validated fracture registry. The subjects were post-
menopausal women who are at high-risk for fragility fractures. More-
over, images were obtained at the hip, a central site, which is the site of
the most serious fragility fracture. The study has several limitations.
First, the moderate sample size could result in a lack of statistical power,
particularly for the analysis of incident hip fractures. The non-significant
HR for FN aBMD to predict hip fractures (Table 6) may also reflect
insufficient statistical power of this subgroup analysis and indicates that
our results related to hip fractures have to be interpreted cautiously. A
second limitation is the potential healthy selection bias, as women who
were older and less healthy were unable to attend. Third, the contri-
bution of trabecular bone traits to fracture risk could not be assessed
because of the very small proportion of trabecular bone in the femoral
subtrochanteric region. Preferably measurements at the femoral neck
should have been included in the current study, as this is one of the most
important fracture locations. Existing hip CT scans covering the com-
plete hip may be used for opportunistic screening.

In conclusion, some cortical bone parameters were associated with
incident fractures, before but not after adjustment for FN aBMD or FRAX
in postmenopausal women in this Norwegian population-based cohort.
This study showed that cortical bone measurements using clinical CT did
not add substantial insight into fracture risk beyond FN aBMD and
FRAX. We infer from these results that fracture risk related to the
deteriorated bone structure seems to be largely captured by a mea-
surement of FN aBMD and the FRAX tool.

Funding

The Northern Norway Regional Health Authority funded the study

(HNF 1471-19).
CRediT authorship contribution statement

Frida Igland Nissen: Conceptualization, Investigation, Formal
analysis, Data curation, Writing — original draft, Writing — review &
editing. Camilla Andreasen: Conceptualization, Investigation, Writing
- review & editing. Tove Tveitan Borgen: Writing — review & editing.
Ashild Bjornerem: Conceptualization, Investigation, Resources, Data
curation, Formal analysis, Writing — original draft, Writing — review &
editing, Supervision, Funding acquisition. Ann Kristin Hansen: Formal
analysis, Data curation, Writing — original draft, Writing — review &
editing.

Declaration of competing interest

TTB has received speaker fees from Amgen and UCB.
The other authors have nothing to declare.

Acknowledgments

The Northern Norway Regional Health Authority funded the study
(ID 5645, HNF 1471-19) but had no role in design and conduct of the
study; in the collection, analysis, and interpretation of the data; or in the
preparation, review, or approval of the manuscript. The Tromsg Study
provided access to data. Staff at the Department of Research at the
University Hospital of North Norway (UNN) recruited women, obtained
consent and questionnaires, collected blood samples and performed
DXA scanning. Staff at Department of Radiology and Department of
Radiation, UNN performed CT scanning of the patients, organized the
radiation procedures and the CT images. StrAx Corp, Melbourne
analyzed the CT images.

References

[1] J.A. Kanis, N.C. Harvey, E. McCloskey, O. Bruyere, N. Veronese, M. Lorentzon, et
al., Algorithm for the management of patients at low, high and very high risk of
osteoporotic fractures, Osteoporos. Int. 13 (31(1)) (2020) 1-12.

[2] X. Jiang, M. Gruner, F. Trémollieres, W. Pluskiewicz, E. Sornay-Rendu,

P. Adamczyk, et al., Diagnostic accuracy of FRAX in predicting the 10-year risk of
osteoporotic fractures using the USA treatment thresholds: a systematic review and
meta-analysis, Bone 99 (2017) 20-25.

[3] E.S. Siris, Y.T. Chen, T.A. Abbott, E. Barrett-Connor, P.D. Miller, L.E. Wehren, et al.,
Bone mineral density thresholds for pharmacological intervention to prevent
fractures, Arch. Intern. Med. 164 (10) (2004) 1108-1112.

[4] S.C. Schuit, M. van der Klift, A.E.A. Weel, C.E.D. de Laet, H. Burger, E. Seeman, et
al., Fracture incidence and association with bone mineral density in elderly men
and women: the Rotterdam study, Bone 34 (1) (2004) 195-202.


http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032304111190
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032304111190
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032304111190
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032309251486
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032309251486
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032309251486
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032309251486
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032309265511
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032309265511
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032309265511
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032304141866
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032304141866
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032304141866

F.I Nissen et al.

[5]

[6]

[7

—

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

R.M. Zebaze, A. Ghasem-Zadeh, A. Bohte, S. Iuliano-Burns, M. Mirams, R.I. Price,
et al., Intracortical remodelling and porosity in the distal radius and post-mortem
femurs of women: a cross-sectional study, Lancet 375 (9727) (2010) 1729-1736.
E.J. Samelson, K. Broe, H. Xu, L. Yang, S. Boyd, E. Biver, et al., Cortical and
trabecular bone microarchitecture predicts incident fracture independently of DXA
bone minderal density and FRAX in older women and men, The Bone
Microarchitecture International Consortium (BoMIC), Lancet Diabetes Endocrinol.
7 (1) (2019) 34-43.

L. Langsetmo, K.W. Peters, A.J. Burghardt, K.E. Ensrud, H.A. Fink, P.M. Cawthon,
et al., Volumetric bone mineral density and failure load of distal limbs predict
incident clinical fracture independent of FRAX and clinical risk factors among older
men, J. Bone Miner. Res. 33 (7) (2018) 1302-1311.

A. Bjgrnerem, Q.M. Bui, A. Ghasem-Zadeh, J.L. Hopper, R. Zebaze, E. Seeman,
Fracture risk and height: an association partly accounted for by cortical porosity of
relatively thinner cortices, J. Bone Miner. Res. 28 (9) (2013) 2017-2026.

E. Biver, C. Durosier-Izart, T. Chevalley, B. van Rietbergen, R. Rizzoli, S. Ferrari,
Evaluation of radius microstructure and areal bone mineral density improves
fracture prediction in postmenopausal women, J. Bone Miner. Res. 33 (2) (2018)
328-337.

L.A. Burt, S.L. Manske, D.A. Hanley, S.K. Boyd, Lower bone density, impaired
microarchitecture, and strength predict future fragility fracture in postmenopausal
women: 5-year follow-up of the Calgary CaMos cohort, J. Bone Miner. Res. 33 (4)
(2018) 589-597.

E. Sornay-Rendu, S. Boutroy, F. Duboeuf, R.D. Chapurlat, Bone microarchitecture
assessed by HR-pQCT as predictor of fracture risk in postmenopausal women: the
OFELY study, J. Bone Miner. Res. 32 (6) (2017) 1243-1251.

D. Sundh, A.G. Nilsson, M. Nilsson, L. Johansson, D. Mellstrom, M. Lorentzon,
Increased cortical porosity in women with hip fracture, J. Intern. Med. 281 (5)
(2017) 496-506.

C. Ohlsson, D. Sundh, A. Wallerek, M. Nilsson, M. Karlsson, H. Johansson, et al.,
Cortical bone area predicts incident fractures independently of areal bone mineral
density in older men, J. Clin. Endocrinol. Metab. 102 (2) (2017) 516-524.

L.A. Ahmed, R. Shigdel, R.M. Joakimsen, O.P. Eldevik, E.F. Eriksen, A. Ghasem-
Zadeh, et al., Measurement of cortical porosity of the proximal femur improves
identification of women with nonvertebral fragility fractures, Osteoporos. Int. 26
(8) (2015) 2137-2146.

D. Sundh, D. Mellstrom, M. Nilsson, M. Karlsson, C. Ohlsson, M. Lorentzon,
Increased cortical porosity in older men with fracture, J. Bone Miner. Res. 30 (9)
(2015) 1692-1700.

Y. Bala, R. Zebaze, A. Ghasem-Zadeh, E.J. Atkinson, S. Iuliano, J.M. Peterson, et al.,
Cortical porosity identifies women with osteopenia at increased risk for forearm
fractures, J. Bone Miner. Res. 29 (6) (2014) 1356-1362.

L. Yang, W.J.M. Udall, E.V. McCloskey, R. Eastell, Distribution of bone density and
cortical thickness in the proximal femur and their association with hip fracture in
postmenopausal women: a quantitative computed tomography study, Osteoporos.
Int. 25 (1) (2014) 251-263.

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

Bone 155 (2022) 116284

F. Johannesdottir, T. Turmezei, K.E. Poole, Cortical bone assessed with clinical
computed tomography at the proximal femur, J. Bone Miner. Res. 29 (4) (2014)
771-783.

O. Museyko, V. Bousson, J. Adams, J.-D. Laredo, K. Engelke, QCT of the proximal
femur—which parameters should be measured to discriminate hip fracture?
Osteoporos. Int. 27 (3) (2016) 1137-1147.

R. Zebaze, A. Ghasem-Zadeh, A. Mbala, E. Seeman, A new method of segmentation
of compact-appearing, transitional and trabecular compartments and
quantification of cortical porosity from high resolution peripheral quantitative
computed tomographic images, Bone 54 (1) (2013) 8-20.

Tromsg undersgkelsen, UiT [Internet], Available from: https://uit.no/forskning/
forskningsgrupper/gruppe?p_document id=367276. (Accessed 22 February 2021).
B.K. Jacobsen, A.E. Eggen, E.B. Mathiesen, T. Wilsgaard, I. Njplstad, Cohort profile:
the Tromsg study, Int. J. Epidemiol. 41 (4) (2012) 961-967.

R.M. Joakimsen, A. Tollan, J.H. Magnus, The tromsg study: registration of
fractures, how good are self- reports, a computerized radiographic register and a
discharge, Osteoporos. Int. (2001) 1001-1005.

L.A. Ahmed, H. Schirmer, A. Bjgrnerem, N. Emaus, L. Jorgensen, J. Stgrmer, et al.,
The gender- and age-specific 10-year and lifetime absolute fracture risk in Tromsg,
Norway, Eur. J. Epidemiol. 24 (8) (2009) 441-448.

M. Osima, R. Kral, T.T. Borgen, L.K. Hpgestgl, R.M. Joakimsen, E.F. Eriksen, et al.,
Women with type 2 diabetes mellitus have lower cortical porosity of the proximal
femoral shaft using low-resolution CT than nondiabetic women, and increasing
glucose is associated with reduced cortical porosity, Bone 97 (2017) 252-260.

R. Zebaze, C. Libanati, M.R. McClung, J.R. Zanchetta, D.L. Kendler, A. Hgiseth, et
al., Denosumab reduces cortical porosity of the proximal femoral shaft in
postmenopausal women with osteoporosis, J. Bone Miner. Res. 31 (10) (2016)
1827-1834.

P. Szulc, S. Boutroy, R. Chapurlat, Prediction of fractures in men using bone
microarchitectural parameters assessed by high-resolution peripheral quantitative
computed tomography-the prospective STRAMBO study, J. Bone Miner. Res. 33 (8)
(2018) 1470-1479.

L. Yang, A.C. Burton, M. Bradburn, C.M. Nielson, E.S. Orwoll, R. Eastell,
Distribution of bone density in the proximal femur and its association with hip
fracture risk in older men: the osteoporotic fractures in men (MrOS) study, J. Bone
Miner. Res. 27 (11) (2012) 2314-2324.

D.M. Black, M.L. Bouxsein, L.M. Marshall, S.R. Cummings, T.F. Lang, J.A. Cauley,
et al., Proximal femoral structure and the prediction of hip fracture in men: a large
prospective study using QCT, J. Bone Miner. Res. 23 (8) (2008) 1326-1333.

B.L. Jorgenson, H.R. Buie, D.D. McErlain, C. Sandino, S.K. Boyd, A comparison of
methods for in vivo assessment of cortical porosity in the human appendicular
skeleton, Bone 73 (2015) 167-175.

A. Bjgrnerem, The clinical contribution of cortical porosity to fragility fractures,
Bonekey Rep. 5 (2016) 846.


http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032309296550
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032309296550
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032309296550
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf0030
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf0030
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf0030
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf0030
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf0030
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032309320508
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032309320508
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032309320508
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032309320508
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032309357363
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032309357363
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032309357363
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032309388419
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032309388419
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032309388419
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032309388419
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032309434326
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032309434326
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032309434326
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032309434326
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032309481002
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032309481002
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032309481002
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032309499440
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032309499440
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032309499440
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032309523801
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032309523801
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032309523801
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032309555422
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032309555422
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032309555422
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032309555422
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032309573989
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032309573989
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032309573989
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032309587784
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032309587784
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032309587784
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032310014765
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032310014765
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032310014765
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032310014765
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032310023532
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032310023532
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032310023532
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032304179961
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032304179961
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032304179961
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032310040131
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032310040131
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032310040131
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032310040131
https://uit.no/forskning/forskningsgrupper/gruppe?p_document_id=367276
https://uit.no/forskning/forskningsgrupper/gruppe?p_document_id=367276
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032310055548
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032310055548
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf0115
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf0115
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf0115
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032304397717
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032304397717
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032304397717
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032310083901
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032310083901
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032310083901
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032310083901
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032310097723
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032310097723
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032310097723
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032310097723
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032310128698
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032310128698
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032310128698
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032310128698
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032304471202
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032304471202
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032304471202
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032304471202
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032310193925
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032310193925
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032310193925
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032310281492
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032310281492
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032310281492
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032304527472
http://refhub.elsevier.com/S8756-3282(21)00450-6/rf202112032304527472

	Cortical bone structure of the proximal femur and incident fractures
	1 Introduction
	2 Material and methods
	2.1 Subjects
	2.2 Baseline assessments
	2.3 Follow-up and incident fractures
	2.4 Statistical analysis

	3 Results
	3.1 Incident fractures
	3.2 Women with and without incident fractures
	3.3 Cortical measurements and any incident fracture, MOF and hip fractures
	3.4 Osteopenia, cortical porosity and any incident fractures, MOF and hip fractures

	4 Discussion
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	References


