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Abstract

Background: Cortical deceleration is the main reason for bone loss at peripheral sites. It was suggested that when peripheral bones
were assessed for osteoporosis, management and therapy can be administered early. The main aim of this study was to assess the
relationships between the central and peripheral measurements at different skeleton bone sites (spine, femur, forearm, tibia, and
calcaneus) with available modalities: DXA, QUS, and MDCT-QCT.

Methods: The volunteers recruited in this study did not have any history or evidence of metabolic bone disease. Blood test and DXA
measurements were used as inclusion criteria to select 40 healthy participants. The selected volunteers underwent 3 imaging modalities:
QCT, DXA, and QUS. DXA-based measurements were made on 3 sites, including spine, femur, and forearm. QCT and QUS
measurements were done for distal of tibia and calcaneus bones, respectively. The extracted parameters from the 3 modalities were
analyzed using a bivariate (Pearson) correlation (r) in statistical software.

Results: The results showed moderate to good correlations between spongy bones in central and peripheral sites from all the modalities.
However, there was no correlation between MDCT measures and central bone values. According to correlations between different
peripheral sits, aBMD of 33% radius and trabecular vBMD in 38% distal tibia showed weak but significant relationship between
peripheral bones (r=-0.342, p=0.044).

Conclusion: The findings demonstrated how bones in central and peripheral sites were correlated. Multimodality imaging was used
in this group of healthy volunteers. Also, it was found that QCT-based MDCT needs more optimization and requires further
investigations.
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Introduction

Bone has a complex structure that can be studied both
at the macrostructure (cortical and trabecular bone) and
microstructural level (Haversian system). One of the main
bone diseases due to aging is osteoporosis, which is de-
fined by the World Health Organization (WHO) (1994) as
follows: a disease characterized by low bone mass and
microarchitectural deterioration of bone tissue leading to

enhanced bone fragility and a consequent increase in frac-
ture risk (1). Bone mineral density (BMD) quantification
is often used for the diagnosis of osteoporosis. It is evi-
dent that older patients may have a 10-fold-increased frac-
ture risk with the same BMD compared to younger indi-
viduals (2, 3). It can be seen in clinics that BMD ( as a
gold standard) is not a good marker in many cases, since
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there are some exceptions for some patients who have
normal BMD but may have a fracture in the near future
4,9).

Since the main reason for bone loss at peripheral sites
is related to cortical deceleration due to remodeling within
the cortex bone close to the bone marrow (6), adding other
modalities to measure (quantity and quality approach) the
peripheral sites may improve diagnosis. It is also sug-
gested that when peripheral bones (distal radius and cal-
caneus) are assessed for osteoporosis, management and
therapy can be administered earlier (7).

In this study, the main aim was to show the relationship
between the central and peripheral bone measurements in
different skeleton bones (including spine, femur, forearm,
tibia, and calcaneus) with different modalities (DXA,
QUS, and QCT) in a healthy community, especially when
there is not any high resolution peripheral quantitative
computed tomography (HR-pQCT) and peripheral quan-
titative computed tomography (pQCT) available.

Methods

Population

A total of 40 males and females aged 30-60 years
were included as healthy volunteers. The healthiness of
the volunteers was investigated to ensure they had no his-
tory of metabolic bone disease and had not received bone
chronic treatment.

Inclusion Criteria

All participants had a detailed history, so it allowed to
exclude secondary symptoms of osteoporosis, such as
premenopausal estrogen deficiency and endocrinopa-
thies (eg, hyperthyroidism and Cushing's syndrome), eat-
ing disorders, gastrointestinal diseases (eg, celiac), min-
eral metabolism dysfunction (eg, osteomalacia), and tak-
ing medication (eg, glucocorticoids). Women who were
pregnant or breast-feeding for the last 12 months were ex-
cluded. After confirming the volunteers’ health by a spe-
cialist, they were instructed and informed on how the
test was going to be conducted. All volunteers filled
written informed consent forms, which had been ap-
proved by the ethics committee of Iran University of
Medical Sciences. Participation was voluntary and the
participants were informed they could leave the study
at any time. To ensure participants’ health, blood test
was done to measure fasting bloodsugar (FBS), complete
blood count (CBC), calcium (Ca), phosphor (Ph), thyroid
stimulating hormone (TSH), creatinine, and ferritin.

Areal bone mineral density (aBMD)

Dual energy X-ray absorptiometry (DXA) is used to as-
sess the mineral content of bones that are most sensitive
to fracture risk. To measure this value, the participants
were scanned to find whether they were in the normal cat-
egory defined by WHO (aBMD; T score > -1.0) (8, 9).
Therefore, the same technician measured aBMD for L;-
L, spine, proximal femur, and forearm by DXA (discov-
ery W, Hologic Inc., Waltham, MA) for all participants at
the Endocrinology and Metabolism Research Institute
(Tehran University of Medical Sciences).
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Quantitative ultrasound (QUS)

Ultrasound is a mechanical wave used for bone assess-
ment (quantity and quality). The possibility of having a
portable, nonionizing and space-saving device encour-
aged the researchers to use QUS along with other modal-
ities for bone quantification of the weight-bearing bone
(calcaneus) (10). Ultrasound measurements of the calca-
neus were performed with an Achilles Plus device (GE
Medical Systems Lunar, Madison, WI). This modality
provided ultrasound parameters as follows: speed of
sound (SOS), broadband ultrasound (BUA), and stiffness
index (SI), which were derived from BUA and SOS.
These parameters were determined by bone’s features
(eg, BMD, elasticity, and bone architecture) in theory and
experience (11).

Volume bone mineral density (vBMD)

Multidetector computed tomography (MDCT) images
of the distal tibia (38%) (Brilliance, Philips Medical Sys-
tems, Amsterdam, Netherlands) were acquired in the hos-
pital for all participants. Hybrid iterative reconstruction
algorithm (iDose - level 7) was used which allowed using
a low dose of radiation. Other CT parameters were as fol-
low: spiral acquisition, 90 kVp, ~30 effective mAs, 3 mm
section thickness, and 150 mm *150 mm FOV, which was
reconstructed across a 1024 matrix size (0.15*0.15 mm
pixel size), 0.8 pitch factor, YC kernel, and 16x0.7 mm
nominal collimation. The left leg of the participants and
phantom were scanned simultaneously. The phantom
consisted of 3 different concentrations (50, 100 and 200
mg K,HPO4/cm3), which resembled the attenuation be-
havior of the bone tissue. The computed tomography (CT)
values for tibia were converted to BMD scale using the
calibration phantom. The imaging protocol was evaluated
previously (12).

Since computed tomography acquires cross sectional
images, bone density in the trabecular part and cortical
part can be evaluated separately. The cortical vBMD, tra-

becular vBMD, and integral density in mg /cm3 K>HPO4
were calculated as the volume average mineral density
within the cortical and trabecular regions and both, re-
spectively. Imagel (13) software was

Statistical analysis

Kolmogorov-Smirnov was used to test the normality
assumption of the parametric tests. To plot the calibration
curve for QCT, the linear regression was used in Excel
(Office 2017). Mean and standard deviation (SD) were
used for manual segmentation. given as descriptive statis-
tics. The relationships between parameters were analyzed
by bivariate (Pearson) correlation (r) analysis. Moreover,
Independent samples t test was used to assess differences
(significant) in age, weight, height, and BMI parameters
between the 2 genders. All statistical tests were 2-sided and
performed with alpha = 0.05 in SPSS (SPSS Inc. Chicago,
IL, Version 22.0 for Windows).

Results
A total of 40 Iranian_healthy volunteers (18 male /22
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females) with normal blood test parameters and aBMDs
(in 3 common sites of the body) participated in this study.
There were no significant differences between age and
BMI between males and females. The participants’ demo-
graphic characteristics are presented in Table 1.

The mean and standard deviation (SD) measurements
are presented in Table 2. In addition, Bivariate (Pearson)
correlations (r) between different anatomical sites via
multimodal measurements are listed in Table 3. The cor-
relation coefficients between DXA and QUS modalities
showed relatively strong correlations between SOS and
Ward’s aBMD (1=0.608, p<0.001), ST and L;-L4s aBMD
(r=0.658, p<0.001) and BUA and L;-L4s aBMD (r=0.598,
p<0.001). There was no correlation among MDCT

M. Malekzadeh, et al.

measures and central bone values and QUS parameters.
However, aBMD of 33% radius and trabecular vBMD in
38% distal tibia showed weak but significant relationship
between peripheral bones (r=-0.342, p=0.044).

Discussion

The limitation to apply all modalities for a specific bone
motivated us to use various modalities for different skel-
etal sites under the assumption that the systemic alteration
occurs through the whole skeletal system. Several studies
have investigated the correlations between bone measure-
ments among multiple skeletal sites. Cohen et al com-
pared bone strength features between iliac crest bone bi-
opsies (by 2D quantitative histomorphometry and Micro-

Table 1. The participants’ demographic features (The mean and standard deviation

Parameter Male Female Total p
Age (y) 42.31(8.26) 45.43(8.50) 44.02 (8.43) 0.249
Weight (kg) 85.06(11.42) 65.85 (10.15) 74.48 (14.39) 0.001
Height (m) 1.76 (0.08) 1.608 (0.7) 1.68 (0.11) 0.001
BMI (kg/m?) 27.(03) 25.00 (3.25) 25.91(3.03) 0.34

(SD) measurements

Table 2. Mean and Standard Deviation (SD) of multi-modal measurements for different anatomical sites

Modality Site Measurement (unit) Mean (SD)
QCT Tibia Cortical vBMD (mg/cm3) 1592.48 (38.78)
Trabecular vVBMD (mg/cm3) 335.60 (79.26)
Integral vVBMD (mg/cm3) 1928.08 (95.69)
QUS Calcaneus SOS (m/s) 1563.92 (39.65)
SI 103.80 (20.38)
BUA (dB/MHz) 125.43 (14.16)
DXA Spine L1-L4 aBMD (g/cmz) 1.076 (0.14)
Ward’s aBMD (g/cmz) (g/cmz) 0.666 (0.14)
Femur Proximal Total aBMD (g/cmz) 0.996 (0.14)
Neck aBMD (g/cmz) (g/cmz) 0.846 (0.14)
Forearm UD aBMD (g/cmz) 0.487 (0.09)
33% Distal Radius aBMD (g/em?) 0.710 (0.08)
Table 3. Bivariate (Pearson) correlation (r) for multi-modal measurements
BUA SOS SI Ward’s Proxi- L1-L4  Neck Fe- UD 33% Trabecu-  Cortical  Integral
Variable aBMD mal Fe- aBMD mur Radius  Radius lar vBMD vBMD
mur aBMD aBMD aBMD vBMD
aBMD
BUA 1
SOS 5447 1
SI 795" .838™ 1
Ward’s 4437 608" 535" 1
aBMD
Proximal 516 5457 608" 792" 1
Femur
L-Ls4 598 558" 658 7317 636 1
aBMD
Neck Fe- 5217 536 .594™ .828™ .901™ 543" 1
mur aBMD
UD Radius 526" 4457 546" .549™ 665 613" .563™ 1
33% Radius 351" .529” 470" 3357 0.262 0.293 0.223 0.159 1
Trabecular -0.12  -0.047 -0.042  0.035 0.03 0.041 0.003 -0.056 -342° 1
vBMD
Cortical -0.07  0.212  0.109 0.195 -0.084 0.114 -0.093 -0.038 0.175 0.223 1
vBMD
Integral 0.46 0.047  0.009 0.11 -0.009 0.08 -0.035 -0.062 -0.213 919" .590™ 1
vBMD

**Correlation is significant at the 0.010 level (2-tailed). * Correlation is significant at the 0.050 level (2-tailed).
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CT) with the results of HR-pQCT for the distal of radius
and tibia. They reported moderate and significant correla-
tions between the peripheral and central (trans-iliac bi-
opsy) values of microstructure and mechanical features
(14). Eckestein et al characterized bone microstructure in
in vitro by applying micro-CT for multiple sites, includ-
ing the neck and trochanter of the femur, Iliac crest, distal
radius calcaneus, and lumbar spines (15). Moreover, Liu
et al used DXA, QCT, (central), HR-pQCT, and image-
based finite element analyses (FEA) in premenopausal
women to evaluate associations among cortical and tra-
becular bone density, geometry, microstructure, and stiff-
ness of the central and peripheral sites. Significant corre-
lations were found between the stiffness of the distal ra-
dius and distal tibia (r = 0.86), femur and lumbar spines
(r=0.49), and between peripheral and central bones
(r=0.56-0.70) (16). To the best of our knowledge, most of
the studies were performed with pnCT, HR-pQCT, and
pQCT, not MDCT, which is common in medical centers.

The correlation between central and peripheral bones
in Table 3 demonstrated that for QUS parameters, among
all variables, there was a medium correlation between
SOS and L;-L4 aBMD (r=0.558), proximal femur aBMD
(r=0.545), and Ward’s (the lowest mineral site in proxi-
mal of femur) aBMD (1=0.608, p<0.001). Not only these
correlations were not excellent, but also they were signif-
icant which is in agreement with other published studies.
Based on Clo et al study, the correlation of QUS and DXA
in different body sites was not strong enough to replace
DXA with QUS, but both parameters allow better access
to the bone quantitative and qualitative properties (17-21).

BUA had the highest correlation with L1-L4 aBMD
(r=0.598, p<0.001) and moderate correlation with proxi-
mal femur (r=0.516) and neck of the femur aBMD
(r=0.521, p=0.001). The results were similar to those of
Wang et al study in which QUS, DXA, and pQCT were
assessed in 258 girls aged 10-13 years in a 2-year longi-
tudinal study (There was a moderate correlation between
the calcaneus and femoral neck (r=0.5, p=0.001) and lum-
bar spines (r=0.6, p=0.001). The high content of trabecu-
lar bone in both calcaneus and spine may be due to a
greater correlation in these areas. However, the diagnosis
of osteoporosis in the lumbar spine via QUS of the phal-
anx was better than the femur region at that study (17). In
addition, SI, which is a combination of BUA and SOS,
demonstrated more correlation to central aBMDs. Since
the role of QUS in the diagnosis and treatment of osteo-
porosis remains unclear but calcaneus is a weight-bearing
bone, it has been recommended as a formative bone to
evaluate. In Larijani et al study in which they used the
same QUS device, T-score of —1 was proposed as a suita-
ble cutoff level for QUS studies. Also the low agreement
between QUS and DXA (Lunar Corporation, Madison,
WI) measurements in healthy women was observed (18).

The correlation between the ultradistal of radius and
proximal of femur and L;-Ls aBMDs was reported as
r=0.665 and r=0.613 (p<0.001), respectively. These rela-
tively high correlations were related to the presence of
high spongy bone in ultradistal of radius and central
bones. In this study, no high correlation was found for
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33% distal with central aBMDs, while the correlation be-
tween 33% distal radius and hip plus spines was 0.69 in
Anmiri et al, and it was about 0.60 in Patel et al study. Patel
et al have recommended using radius densitometry in-
stead of hip and spine. However, the diagnostic applica-
tion of forearm densitometry with a lower threshold of
about -2.1 instead of -2.5 (recommended by WHO) was
suggested (19, 20). There was no correlation among
MDCT measurements and central bone values. These re-
sults might have been due to the cortical declaration in the
peripheral site (eg, 38% distal tibia and 33% distal radius)
rather than a spongy bone loss in central sites.

With regards to the correlation in the peripheral sites,
radius 33% distal aBMD and trabecular vBMD in 38%
distal tibia, the correlation was weak and negative but sig-
nificant (r=-0.342, p=0.044). The negative direction
might have been due to the increase of the trabecular
vBMD because of trabecularisation of high-density adja-
cent cortical site. In peripheral sites, approximately 50%
of the cortical bone loss is the consequence of remodeling
within the cortical part of the bone close to the marrow.
This phenomenon reduces cortical minerals and trabecu-
litises the cortical, resulting in an overestimation of the
density in the trabecular segment (21). The relationship
between 33% distal and ultradistal radius aBMD with
QUS parameters was moderate. In a similar study that
used pQCT, Hung et al compared pQCT measurements of
bone density at distal of tibia and radius to calcaneal
(QUS findings) in healthy women and showed weak to
moderate correlation (r=0.21-0.447) between mentioned
anatomical sites. Assessment of BUA and velocity of
sound (VOS) in calcaneus showed a better correlation to
trabecular BMD than cortical BMD and integral BMD in
both distal of tibia and radius. More trabecular tissue than
cortical (only a shell in the outer layer of the calcaneus
bone) can explain the higher correlation of QUS findings
to trabecular vBMD (22).

The correlation between 2 central sites (DXA-based
measurement), L,-L, and proximal femur aBMDs
(r=0.636, p<0.001), was good and relatively high for
ward’s aBMD (r=0.731, p<0.001) and spines measure-
ment, which seems to be due to high trabecular bone in
the spines, which is similar to the ward’s region with only
trabecular bone.

This study also had several limitations. First, the num-
ber of participants was small and their age range was lim-
ited. Second, lumbar spine and proximal femur vBMDs
were not available due to avoiding exposing the volun-
teers to high radiation dose in central-QCT. Applying
state-of-the-art MRI (up MRI) and HRCT (based on itera-
tive reconstruction (IR) algorithm and advanced detec-
tors) techniques for the central skeletal in the near future
(23, 24) may provide better insight. Thirdly, comparison
between bones based on sex with this approach on a larger
human sample is highly recommended, especially with a
focus on the effect of estrogen deficiency for menopause
women.

Conclusion
The bivariate correlation between the multimodal
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measurements showed systemic bone alteration in the
bony skeleton in healthy volunteers. Due to systemic al-
terations in the bony skeleton, applying peripheral sites
quantification with the state-of-the-art MDCT ultralow
dose reconstruction is suggested for bone assessment in
future studies.
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