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Osteoporosis is a skeletal disorder characterized by com-
promised bone strength predisposing to an increased risk 
of fracture.1) One in two women and one in five men over 

50 years have an osteoporosis-related fracture in their life-
time.2) Albeit not the most common fracture, hip fracture 
is the most severe complication of osteoporosis.3,4)

Clinically, osteoporosis is estimated by assessing 
bone mineral density (BMD) using dual energy X-ray 
absorptiometry (DXA), as proposed by the World Health 
Organization (WHO). Internationally, the proximal hip 
and lumbar spine are the two most common regions for 
BMD measurement; however, the whole hip is a reliable 
site for measurement especially in people with severe lum-
bar osteoarthritis, which may result in a false increase in 
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Background: Bone mineral density (BMD) is the indicator of bone quality in at-risk individuals. Along with the fracture risk as-
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and FRAX and for their ability to predict nBMD. The ability of CTI to predict osteoporosis status (OPS) and fracture risk status (FRS) 
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Results: Significant differences in CTI, CFI, nBMD and FRAX between males and females were observed. CTI and CFI demonstrat-
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cantly predicted nBMD. CTI statistically predicted OPS and FRS, and the values of 0.56 and 0.62 were computed as CTI thresholds 
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Conclusions: CTI was significantly correlated with nBMD and it predicted nBMD at good prediction levels. Therefore, CTI may be 
used as a supportive tool in the assessment of OPS and FRS besides BMD and FRAX in clinical practice.
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lumbar BMD.5) A fracture risk assessment tool (FRAX) 
for 10-year probability was also proposed by the WHO to 
enhance the predictive value of BMD and fracture risk. 

Although DXA is the most useful BMD measure-
ment, it is not always available and not routinely ordered, 
and orthopedists often lack DXA results at the time of 
examination. Within the Asia-Pacific area, while devel-
oped countries have 12–24 DXA machines per million, 
the developing countries, in contrast, are severely under-
resourced with far less than one machine per million 
population.6) In addition, in some developed countries, 
the fact that DXA is not reimbursed proposes a barrier to 
the identification of people with osteoporosis. The FRAX 
may become a great help in this situation; however, there 
are also countries in which the surrogate FRAX models 
are not available yet. These are the reasons why we try to 
look for a supportive parameter for preliminarily estimat-
ing BMD in the case of lack of DXA results. This can be 
not only beneficial for the developing countries’ physicians 
who do not have access to DXA but also sometimes help-
ful for orthopedists in developed countries while waiting 
for the DXA results.

In the modern medical practice, almost all patients 
with hip-related disorders who present to the orthopedists 
undergo hip X-ray routinely and DXA scan rarely. Hence, 
X-ray is a potential supportive radiographic tool in BMD 
evaluation and fragility fracture risk estimation when 
DXA data are not available. The most commonly used 
radiographic parameter to assess bone status is the cortical 
thickness index (CTI). The canal flare index (CFI), which 
is used to classify the medullary canal for femoral compo-
nent selection in total hip arthroplasty, is also reported to 
be associated with aging and osteoporosis.7,8) 

Although a significant correlation of CTI and CFI 
with BMD has been confirmed in several publications, 
not many have studied these parameters in relatively large 
samples representing the general population of a specific 
region rather than the subjects visiting the hospital. More-
over, most of the previous papers studied these correla-
tions without the separate analysis of males and females. 
The authors of this study suspected that, regarding osteo-
porosis, there would be significant sex-related dissimilari-
ties in the data.

The purpose of this study was (1) to separately 
investigate males and females for correlation analysis be-
tween the radiographic parameters (CTI and CFI) and 
femoral neck BMD (nBMD) and FRAX in a general el-
derly population; and (2) to evaluate the ability of CTI and 
CFI to predict BMD and FRAX. 

METHODS

This was a retrospective analysis of data from a cross-
sectional study of 603 volunteers aged 50 and older in a 
town in Japan, which investigated musculoskeletal func-
tion and quality of life. A total of 560 volunteers met the 
inclusion criteria, which included aged 50 and older and 
no history of congenital hip-related pathologies. Exclusion 
criteria were lack of any information needed for analysis. 
The study was approved by the Institutional Review Board 
of Toei Hospital (IRB No. 201201) where the investigation 
was performed. All subjects were volunteers. They were 
carefully explained about the study.

Demographic characteristics, risk factors for FRAX 
calculation, hip and spine radiographs, and BMD data 
were obtained at the local hospital and were retrospec-
tively reviewed. Demographic characteristics included 
sex, age, height and weight. Risk factors, according to the 
FRAX tool, included previous fractures, parent’s fractured 
hip, current smoking status, glucocorticoids, rheumatoid 
arthritis, secondary osteoporosis and alcohol consumption 
3 or more units/day. The radiographs were standard an-
teroposterior hip radiographs. BMD evaluation was per-
formed on the left proximal femur by using a DXA system 
(Discovery QDR; Hologic, Marlborough, MA, USA).

Digital radiographic data were imported into medi-
cal image viewer software (OsiriX, Pixmeo, Bernex, Swit-
zerland). The CTI and CFI of all 560 subjects were mea-
sured by a hip surgeon (BNTN) blinded to the BMD and 
FRAX results (Fig. 1). A set of 59 random radiographs was 
selected for the calculation of intra- and interobserver reli-
ability. In addition to the hip surgeon, three other observ-
ers with different levels of clinical training were chosen 
to avoid the impact of experience on the measurements. 
These observers included a senior hip surgeon (HH), an 
orthopaedic graduate, and a medical technician. All four 
observers measured the set twice in random order with an 
interval of 3 months. They were all blinded to each other’s 
findings as well as to the BMD results.

CTI was defined as the ratio of the femoral diaphy-
seal diameter (outer diameter [Do]) minus the intramed-
ullary canal diameter (inner diameter [Di]) to the femoral 
diaphyseal diameter. These diameters were measured 10 
cm below the midpoint of the lesser trochanter, as de-
scribed by Dorr et al.9) Noble et al.10) described CFI as a 
parameter for morphologically classifying the proximal 
femur. It was defined as the ratio of the intracortical width 
of the femur at a point 20 mm proximal to the lesser tro-
chanter (canal width) and at the canal isthmus. For consis-
tent measurement, we identified the canal isthmus at 10 cm 
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below the mid lesser trochanter, as defined by Yeung et al.11) 

BMD Evaluation and FRAX Calculation
The left femur BMD of all 560 subjects was measured by 
using DXA at four regions: the greater trochanter, intertro-
chanteric region, femoral neck, and Ward’s triangle. The 
nBMD results were used for the purpose of analysis. The 
FRAX was calculated from the collected risk factor infor-
mation and nBMD using the official FRAX tool provided.

Based on the Japanese Society for Bone and Mineral 
Research (JSBMR) 2012 diagnostic criteria for primary 
osteoporosis, BMD was compared to the Japanese Young 
Adult Mean (YAM) proximal femur BMD and converted 
into a percentage of the YAM (% YAM).12) Subjects who 
did not have previous femur or vertebral fractures were 
categorized as osteoporosis (< 70% YAM), low bone mass 
(70%–80% YAM) or normal (≥ 80% YAM), which were 
finally reclassified into normal (≥ 80% YAM) or high-
risk (< 80% YAM) osteoporosis status (OPS). The major 
osteoporotic fracture risk in the FRAX results were also 
used to categorize all 560 subjects as low-risk (< 15%) and 
high-risk (≥ 15%) fracture risk status (FRS) by using the 
intervention threshold 15% as described in the JSBMR 
guideline.13) The ability of CTI in predicting the OPS and 
FRS was then analyzed to assess its usefulness in clinical 

practice.

Statistical Analyses
All data analyses were performed by using IBM SPSS ver. 
22.0 (IBM Corp., Armonk, NY, USA). The intraclass cor-
relation coefficient (ICC) was calculated to assess intra- 
and interobserver reliability of CFI and CTI measurements 
following the guideline by Koo and Li.14) The ICC was in-
terpreted according to Landis and Koch as excellent (> 0.8), 
good (0.6–0.8), moderate (0.4–0.6) or poor (< 0.4).15) The 
Mann-Whitney U-test was used to evaluate the statistical 
differences in CFI, CTI and nBMD between males and 
females (reported as U, z, or p). The data were regrouped 
into male and female subgroups and the following analyses 
were performed in each subgroup: (1) Spearman correla-
tion analysis (rho) was performed to estimate the correla-
tion of nBMD and FRAX with CFI and CTI. Correlation 
strength was defined according to the study by Mukaka.16) 
(2) Based on the JSBMR guideline, subjects with previous 
femur or vertebral fractures would be diagnosed with os-
teoporosis regardless a BMD value.12,13) For that reason, we 
excluded those subjects from the OPS prediction analysis, 
leaving 424 subjects included. However, with the FRAX 
tool, these subjects were included since the tool could 
be used in patients receiving osteoporosis therapy, as re-
ported by several publications.17) (3) Multiple regression 
analysis was performed to predict nBMD values from the 
CFI, CTI, height and weight parameters in subjects with-
out previous femur or vertebral fractures. The effect size 
was also calculated. (4) Binary logistic regression analysis 
was performed to evaluate the ability of CTI to predict 
OPS in 424 subjects without previous femoral or vertebral 
fractures and to predict FRS in all 560 subjects. The new 
CTI10 variable, which was computed as 10 × CTI, was used 
to aid in better interpretation. Sensitivity (SEN), specific-
ity (SPE), positive/negative predictive values and positive/
negative likelihood ratios (+LR/–LR) were also calculated. 
The threshold values were computed from the regression 
equation with a cutoff probability of p = 0.5.

RESULTS

Table 1 shows the demographic data of the sample. Table 2 
shows the median values of CTI, CFI, nBMD, and FRAX 
in the two sexes. Between males and females, there were 
significant differences with respect to CTI (U = 44.926, z = 
3.861), CFI (U = 44.678, z = 3.724), nBMD (U = 59.505, 
z = 11.623) and FRAX (U = 11.619, z = –13.892) (Mann-
Whitney U-test, all p < 0.001). 

Intra- and interobserver reliability showed excellent 

Fig. 1. Measurement of cortical thickness index (CTI) and canal flare 
index (CFI) on an anteroposterior radiograph (using Osirix software). Do: 
outer diameter (the shaft’s outer diameter at 10 cm below the lesser 
trochanter), Di: inner diameter (the shaft’s inner diameter at 10 cm below 
the lesser trochanter, measured at the same level as Do), CW: canal 
width (the canal width measured at 2 cm above Line a), Line a: a line 
drawn perpendicular to the femoral shaft through the middle point of the 
lesser trochanter, Line b: a line drawn parallel to the shaft to be used as 
a reference for drawing Line a, Line c: a 10-cm line drawn perpendicular 
to Line a, used to identify the shaft’s inner and Do measurement levels. 
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results (ICCs ≥ 0.96, p < 0.001) for both CTI and CFI (Table 
3). In both sexes, nBMD and FRAX showed statistically 
significant correlation with CTI and CFI (all p < 0.001). 
nBMD and FRAX were better correlated with CTI than 
CFI in both sexes (Table 4).

The regression analysis best-fit model comprised 

three variables including CTI, height, and weight (CFI was 
eliminated since p > 0.05). They statistically significantly 
predicted nBMD in females (F[3,331] = 96.67, size effect 
adjusted [adj] R2 = 46.2%) and males (F[3,221] = 42.84, 
adj R2 = 35.9%). The model for each sex had a significance 
of p < 0.001. The analysis showed that CTI had the greatest 
effect (β = 44.1% and β = 44.6% in females and males, re-
spectively) on nBMD prediction among the three variables 
(Table 5).

Binary logistic regression analysis was performed 
to ascertain the effects of CTI on the prediction of the 
likelihood of high-risk OPS and high-risk FRS. The OPS 
prediction model showed statistical significance for both 
females (χ2[1] = 39.77, p < 0.001) and males (χ2[1] = 19.62, 
p < 0.001), and the prediction ability is shown in Table 

Table 1. Demographic Data 

Variable Female Male Total

No. of patients 335 225 560

Age (yr), median (range) 73 (52–93) 73 (50–90) 73 (50–93)

Previous hip/spine fracture   75   61 136

Table 2. Median Values of CTI, CFI, nBMD and FRAX

Parameter Female (n = 335) Male (n = 225) Overall (n = 560) p-value*

CTI  0.54 0.56  0.55 < 0.001

CFI  3.32 3.54  3.40 < 0.001

nBMD (g/cm2)  0.55 0.68  0.60 < 0.001

FRAX (%) 17.00 7.20 13.00 < 0.001

CTI: cortical thickness index, CFI: canal flare index, nBMD: femoral neck bone mineral density, FRAX: fracture risk assessment tool. 
*Mann-Whitney U-test of difference between males and females.

Table 3. ICC Values for Intra- and Interobserver Reliability

Measurement
Intraobserver Interobserver 

Correlation coefficient 
(95% CI) p-value Correlation coefficient 

(95% CI) p-value

CTI 0.97 (0.94–0.98) < 0.001 0.98 (0.96–0.99) < 0.001

CFI 0.96 (0.93–0.98) < 0.001 0.97 (0.93–0.99) < 0.001

ICC: intraclass correlation coefficient, CI: confidence interval, CTI: cortical thickness index, CFI: canal flare index. 

Table 4. Correlation between nBMD and CTI, CFI, HT, and WT

Variable CTI CFI HT WT

nBMD Female (n = 335)  0.52*  0.31* 0.40* 0.44*

Male (n = 225)  0.40*  0.21* 0.31* 0.40*

FRAX Female (n = 335) –0.41* –0.33* † †

Male (n = 225) –0.34* –0.20* † †

nBMD: femoral neck bone mineral density, CTI: cortical thickness index, CFI: canal flare index, HT: height, WT: weight, FRAX: fracture risk assessment tool.
*Spearman correlation (all p < 0.001). †Correlation of FRAX with HT and WT was not calculated since HT and WT were used to calculate FRAX.
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6. The CTI threshold values were calculated as 0.62 for 
females and 0.56 for males. The FRS prediction model 
showed significance for females only (χ2[1] = 41.01, p < 
0.001): the CTI threshold value was calculated as 0.58 for 
females. By reducing the cutoff probability to p≈0.38, the 
value of 0.62 was calculated as a threshold value with bet-
ter sensitivity. 

DISCUSSION

In this cross-sectional study, CTI and CFI were correlated 
significantly with nBMD and FRAX in both sexes; none-
theless, CFI did not significantly contribute to nBMD and 
FRAX prediction. CTI, which had the better correlation 
with nBMD and FRAX, significantly predicted nBMD and 
FRAX values. In addition, the CTI also had the ability to 
predict OPS and FRS with good diagnostic ability, espe-
cially in females.

The excellent intra- and interobserver reliability of 
the method for measurement of CTI and CFI, regardless 
of observers’ clinical experience, suggests that these two 
parameters can be reliably employed in clinical practice. 
The accuracy of CTI and CFI measurement has been 
proven in previous studies as well.8,18,19) Besides, the dura-
tion of measurement is only within 1 minute. Thus, we 
propose that, in an outpatient setting, measuring CTI and 
CFI is much simpler and more practical than calculating 
FRAX. This would be especially useful in under-resourced 
countries where osteoporosis does not receive enough at-
tention in orthopaedic practice because of the lack of DXA 
machine. Once having a hint from radiographs, orthope-
dists will pay more attention to osteoporosis-related issues 
and even consider spending more time to calculate FRAX 
and ordering DXA.

Our study observed significant differences in CTI, 
CFI, nBMD, and FRAX between males and females, 

Table 5. Regression* Coefficients of CTI, HT and WT in the nBMD Prediction Model

Predictor
Female Male

B (95% CI) β B (95% CI) β

Constant –0.523 (–0.71 to –0.337) - –0.581 (–0.941 to –0.22) -

CTI† 0.651 (0.531 to 0.772) 0.441 0.825 (0.629 to 1.022)   0.446

HT† 0.004 (0.003 to 0.005) 0.252 0.004 (0.001 to 0.006) 0.200

WT† 0.003 (0.002 to 0.004) 0.249 0.004 (0.002 to 0.006)  0.295

CTI: cortical thickness index, HT: height, WT: weight, nBMD: femoral neck bone mineral density, B: unstandardized coefficient, CI: confidence interval, β: 
standardized coefficient.
*Multiple linear regression analysis. †All three variables (CTI, HT, or WT) significantly added to the prediction (p < 0.001). The canal flare index was eliminated 
from the regression model (p > 0.05).

Table 6. Logistic Regression Calculation Using CTI to Predict OPS and FRS

Variable B OR 
(95% CI)

Model prediction ability

Sensitivity 
(%)

Specificity 
(%)

Positive predictive 
value (%)

Negative predictive 
value (%) +LR –LR

OPS Female Constant –10.15 - 92.8 24.2 78.3 53.3 1.2 0.3

CTI10  1.634 5.123 (2.896–9.062)

Male Constant –7.68 - 57.7 69.8 64.3 64.5 1.9 0.6

CTI10  1.364  3.91 (2.361–6.476)

FRS Female Constant  7.005 - 80.0 41.5 68.3 56.8 1.4 0.48

CTI10 –1.208 0.3 (0.2–0.45)

CTI: cortical thickness index, OPS: osteoporosis status, FRS: fracture risk status, B: coefficient, OR: odds ratio, CI: confidence interval, +LR: positive likelihood 
ratio, –LR: negative likelihood ratio, CTI10: 10 × CTI.
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implying the presence of sex-related dissimilarities in 
the data. Several epidemiologic and clinical studies have 
demonstrated significant differences between males and 
females regarding the prevalence of osteoporosis, fracture 
risk, mortality risk after fracture, and bone geometry and 
strength.20-24) For this reason, we suggest that males and 
females should be studied separately on the issues related 
to osteoporosis. 

Our data indicated that CTI and CFI were signifi-
cantly correlated with nBMD and FRAX in both sexes (Ta-
ble 4); between the two indices, CTI was correlated better 
with nBMD and FRAX than CFI, and this was consistent 
with other studies.25,26) Yeung et al.11) demonstrated a weak 
correlation between CFI and T-score and a much stronger 
correlation between canal bone ratio (which is equal to 1 – 
CTI) and T-score. Other studies, by Sah et al.,26) Patterson 
et al.,18) and Baumgartner et al.,19) also confirmed a fairly 
high correlation between CTI and BMD. 

Regression analysis was performed to evaluate the 
nBMD predicting ability of the different parameters. CFI 
was not found significantly contributing (p > 0.05) and 
eliminated from the regression model. Table 5 shows CTI 
as the parameter that affected nBMD the most. Our re-
sults correspond to those in the study by Webber et al.;27) 
however, the effect sizes of our model were larger (female, 
46.2% and male, 35.9% vs. 15% for both sexes in that 
study).

In evaluating the capability of the predictive pa-
rameters to determine the dichotomous OPS (high-
risk or normal) and FRS (high-risk or normal), the CTI 
threshold values of 0.62 for females and 0.56 for males 
were calculated with regard to OPS prediction (Table 6). 
While CTI in males (0.56 with SEN = 71.3% and SPE = 
65.5%) shows moderate predictive ability and needs fur-
ther examination, CTI in females (0.62 with SEN = 94.2% 
and –LR = 0.3) may be used as a preliminary screening 
tool for women who have the risk of having low BMD 
in clinical practice. Sah et al.26) suggested CTI ≤ 0.4 on a 
lateral hip radiograph as the threshold. However, their 
population sample included all postmenopausal osteoar-
thritic females undergoing hip replacement. The baseline 
BMD in this study population may have been elevated 
because of the reported inverse relationship between 
osteoporosis and osteoarthritis.28-30) Patterson et al.18) 
proposed distal tibial cortical thickness value of 3.5 mm 
as the threshold value with 100% SEN and 100% nega-
tive predictive value. In their study, patient selection was 
cited as a limitation since the selected sample may have 
had a higher prevalence of osteoporosis than the general 
population.

On FRS prediction, CTI statistically significantly 
predicted FRS in females only, not in males. The CTI 
threshold value of 0.58 (females) was calculated from the 
model with SEN = 80% and SPE = 41.5 (Table 6). How-
ever, by raising the threshold value to 0.62 to collate with 
the threshold in the above OPS prediction model, the FRS 
prediction model demonstrated a better diagnostic ability 
with SEN = 95.6%, SPE = 20.8% and –LR = 0.2. Thus, the 
CTI value of 0.62 may also be considered as a preliminary 
screening tool for females whose FRAX values are high. 

The major strength of our study was its large sample 
size. The study included a large number of volunteers aged 
≥ 50 years to provide representative data of the general 
population within a geographic area, rather than of the 
subjects visiting the hospital. 

Secondly, our study analyzed the two sexes sepa-
rately. It helped not only reduce the errors associated with 
the demographic factor in analysis but also interpret the 
results with ease.

The primary limitation of our study was our selec-
tion criteria: people with a prior diagnosis of osteoporosis 
requiring medical therapy were included. This group rep-
resents a population with apparent osteoporosis, wherein 
CTI assessment is unnecessary. Although this may have al-
tered the osteoporosis prevalence based on BMD, our data 
are more representative of a general population in reality. 
Moreover, our study was cross-sectional study; therefore, 
actual fracture incidence of the sample was not observed. 
Further longitudinal investigation may be conducted for 
more specific and meaningful data.

The second limitation is that all our volunteers were 
Japanese Asians and the data may be unrepresentative of 
other ethnicities. However, the complete data of DXA, 
FRAX and spine-hip X-ray make this sample valuable to 
investigate the hypothesis before proceeding onto other 
groups of people. Regarding the use of CTI in under-
resourced countries, although the application of CTI to 
estimate fracture risk requires reference data, acquiring 
these data from a plenty of routinely ordered radiographs 
is more practical than performing DXA measurement in 
countries with lack of DXA. We will not discuss on how 
to obtain the reference data on a national scale since it 
may be more related to each nation’s public health policy. 
However, on a hospital scale, we would like to propose a 
way of acquiring the data by conducting a longitudinal 
study as we are currently doing in our institution. The 
study consists of volunteers from the surrounding area of 
the hospital. Hip-spine radiographs will be taken every 2 
years. Osteoporotic fractures will be recorded. Reference 
data will be concluded at the end of the study. We are now 
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in our 5th year of the study.
The third limitation of our study is related to the po-

sition of the femur during radiography. The internal and 
external rotation of the femur while standing may affect 
the CTI and CFI measured on the anteroposterior radio-
graphs. Lateral radiographs may be used for measurement 
but the limitation of femoral rotation still exists. 

In conclusion, CTI of the proximal femur can be 
considered a reliable parameter that can be measured with 
ease on standard anteroposterior radiographs. It showed 
correlation and the ability to predict nBMD and FRAX 

at a statistically significantly level in the general elderly 
population. Our study proposes the use of CTI, in the case 
of lacking DXA machine for the assessment of BMD and 
FRAX, as a supportive assessment tool in estimating the 
risk of osteoporosis and fracture with radiography, espe-
cially in females.
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