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Background: Dual-energy X-ray absorptiometry (DXA) is a well-accepted tool for monitoring skeletal 
and body composition changes in biomedical studies. The nonhuman primate model is suitable for studies 
exploring the pathogenesis of and novel treatments for osteoporosis. Our objectives are to determine the 
precision of DXA detection in cynomolgus monkeys and to identify the difference in precision in lumbar 
bone mineral density (BMD) with various segment selections.
Methods: Thirty adult female cynomolgus monkeys underwent duplicate total body DXA scans. Total 
body bone mineral density (BMDTB) and body composition, including bone mineral content (BMCTB), lean 
mass (LMTB), and fat mass (FMTB), were analyzed by enCORE software, while lumbar BMD was obtained 
by manual region-of-interest analysis. The precision was represented as the root-mean-square standard 
deviation (RMS-SD) and coefficient of variation (RMS-CV%), and least significant changes (LSCs) were 
reported.
Results: The RMS-SD (RMS-CV%) of the repeated DXA analyses for BMDTB, BMCTB, LMTB and 
FMTB were 0.002 g/cm2 (0.50%), 0.90 g (0.42%), 0.015 kg (0.49%), and 0.031 kg (2.71%), respectively. The 
regional BMD precision (RMS-CV%) of the lumbar spine with various combinations ranged from 0.70% to 
1.09%, The LSCs with 80% statistical confidence (LSC80) ranged from 1.27% to 1.97%, and LSC95 ranged 
from 1.94% to 3.01%. 
Conclusions: DXA provided excellent reproducibility in the measurements of BMD and body composition 
in nonhuman primates. We find DXA reliable for total and regional measurement in skeletal research and 
the evaluation of osteoporosis treatment with monkeys as animal models.
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Introduction

Osteoporosis is a systemic skeletal disease that results 
in an increased risk of fracture due to a decline in bone 
density and a deterioration in bone microstructure. In other 
words, osteoporotic fracture can significantly contribute 
to a reduction in health-related quality of life and increase 
economic burden (1). Therefore, it is necessary to 
understand the role of bone loss and develop new strategies 
for the prevention and treatment of osteoporosis. Among 
experimental animal models, nonhuman primates play an 
important role in the study of osteoporosis due to their 
close genetic evolutionary relationship to humans and 
similar physiology, especially their menstrual cycles and 
natural menopause. Hence, a nonhuman primate model 
of osteoporosis, typically through ovariectomy (OVX), is 
extensively used in the research of human skeletal biology 
and the evaluation of therapies for osteoporosis (2-5).

Quantitative analysis of bone mineral density (BMD) is 
indispensable in osteoporosis investigations. Among various 
detection methods, dual-energy X-ray absorptiometry 
(DXA) is regarded as the “gold standard” for the diagnosis 
of osteoporosis due to its precision, simple operation and 
limited radiation risk (6). Additionally, it is also increasingly 
accepted as a precise and convenient method for body 
composition assessment (7).

As an attribute of a quantitative measurement technique, 
precision represents the ability to reproduce the same 
result in the setting of no real physiological change when 
the measurement is repeatedly performed with an identical 
device (8,9). Therefore, precision parameters are crucial for 
osteoporosis drug discovery to identify the efficacy of a new 
approach. Both the standard deviation (SD) and coefficient 
of variation (CV) are representative parameters of precision. 
Furthermore, the least significant change (LSC), which is 
the minimum value that indicates real biological change, 
should also be calculated when considering precision. LSC 
should be calculated when considering precision (8). The 
LSC is usually calculated by 15 individuals scanned three-
times each or 10 individuals scanned four times each or  
30 individuals scanned twice each.

DXA has been successfully used in macaques for decades 
and numerous precious studies exist for osteoporosis 
research (10-12). Previous repeatability studies contrasting 
DXA with direct physical or chemical analysis of BMD 
and body composition have been conducted in nonhuman 
primates (13,14). Black et al. (14) also reported the precision 
of total body composition, with CV% values of 10.3%, 2.3% 

and 1.2% in fat mass (FM), lean mass (LM) and bone mineral 
content (BMC), respectively. However, it is recommended 
by the International Society for Clinical Densitometry 
(ISCD) using the analysis of precision error for efficacy 
evaluation of osteoporosis and quality control (15,16). No 
studies have calculated the LSC value of BMD and other 
body components in nonhuman primates. Consequently, 
our objective is to evaluate the reproducibility of DXA 
measurements according to statistical requirements and 
then calculate the LSC values. Additionally, we will explore 
the distinction of reproducibility in different selections 
of lumbar segments. We present the following article in 
accordance with the MDAR checklist (available at https://
dx.doi.org/10.21037/qims-21-799).

Methods

Subjects

There are 30 out of 33 female cynomolgus macaques (Macaca 
fascicularis) involved in this study, consisting of 5 young 
adults (4–10 years), 20 middle-aged adults (10–15 years) and 
5 elderly adults (>15 years), which were chosen randomly. 
The subjects with severely hyperostosis presented obvious 
bone mass protruding from the edge of the vertebral in DXA 
scanning and the ones with low FM (2–4%) were excluded 
from this study for the affection on the measurements of 
BMD and body composition. Two of them were excluded 
for the lack of fat, and one of them was excluded for severely 
hyperostosis. The animals were supplied by Guangdong 
Landau Biotechnology Co., Ltd., Guangzhou, China, which 
possesses Association for Assessment and Accreditation 
of Laboratory Animal Care (AAALAC) international 
accreditation. The subjects were fed fruits, a semi-purified diet 
containing ~1.0% calcium, ~0.7% phosphorus and water ad 
libitum. All subjects were specific pathogen-free (SPF) animals 
according to national laboratory animal standards. They 
were housed in groups of 10–15 monkeys consisting of one 
mature male, several mature females and their progenies in 
a suitable circumstance. Experiments were performed under 
a project license (No. LDIACUC2018-0004) granted by the 
Laboratory Animal Ethics Committee of Guangdong Landau 
Biotechnology Co., Ltd., in compliance with international 
AAALAC guidelines for the care and use of animals. 

DXA measurements

All subjects were weighed, and were singly housed at 
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least 24 h before DXA scans. After an overnight fast, the 
animals were anesthetized using ketamine hydrochloride  
(5–10 mg/kg, i .m.)  and 3% pentobarbital  sodium  
(0.5–1 mL/kg, i.v.). Additional chemical suppression was 
provided using pentobarbital sodium with less than 1/3 of 
the integral dose when necessary. Crown rump length were 
measured using tapeline before DXA scanning. 

Total body DXA scans were performed using GE Lunar 
iDXA (GE Healthcare, Madison, WI, USA). Daily quality 
assurance scans were conducted by scanning an aluminum 
spine phantom according to the manufacturer’s instructions. 
Within a 2-month period, all animals were tested twice 
immediately after on another in the anteroposterior (AP) 
position with repositioning before the second scan. Total 
body composition, including BMCTB, LMTB, and FMTB, 
was automatically analyzed by enCORE software (version 
16.0, small animal mode, GE Healthcare), while BMD at 
the lumbar spine was based on three replicate assays with 
manual delineation of regions of interest (ROIs). After each 
scan, in order to reduce the random error caused by manual 
delineation for ROIs determination at the lumbar spine, 
three replicate assays were executed and the average value 
of them were represented as ultimate value about the BMD 
parameters. All DXA measurements and analyses were 
performed by a well-trained operator throughout the study.

Analysis

Short-term precision is equivalent to the RMS of SD or 
CV%, which were represented as follows (8):
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where m is the number of samples. 
The formula of LSC is as follows:
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in which Z' is based on the statistical confidence level, Pr is 
the precision value, either root-mean-square SD (RMS-SD) 
or root mean square CV (RMS-CV%), n1 is the number 
of first measurements, and n2 is the number of follow-up 
measurements.

Precision values were represented as RMS-SD and 
RMS-CV%, while the descriptive data were reported as the 
mean and SD (mean ± SD). LCS with the basis of RMS-
SD and RMS-CV% are demonstrated with 80% and 95% 
confidence intervals (CIs). All data analysis was performed 
by Microsoft Excel 2016 (Microsoft, Inc., Redmond, WA, 
USA).

Results

The tested monkeys ranged in age from 4 to 19 years (n=30, 
13.1±4.3 years), and mean weight was 6.05±1.47 kg. The 
crown rump length was 43.63±3.75 cm. The characteristic 
and descriptive data of subjects’ body composition are 
presented in Table 1. Although the lumbar spine of most 
monkeys consists of 7 vertebrae, 8 in 30 (26.7%) only 
present 6 segments. In the subjects with fewer lumbar 
vertebrae, we counted the sequence from the bottom up to 
last thoracic.

In total body composition, the largest value of RMS-
CV% was 2.71% in FM, while the values of BMD and LM 
were both no more than 0.5%. Additionally, the RMS-
SD, LSC80 and LSC95 in different total body components 
are shown in Table 2. Excluding the last lumbar vertebra, 
all possible combinations of successive spinal segments 
were outlined manually, presenting various precisions with 
RMS-CV% ranging from 0.70% to 1.09%, and then the 
LSC80 and LSC95 ranged from 1.27% to 1.97% and from 
1.94% to 3.01%, respectively. The RMS-SD ranged from  

Table 1 Characteristics and total BMD and body composition  
parameters of subjects

Parameter Mean ± SD Range

Age (year) 13.1±4.3 4.0–19.0

Weight (kg) 6.05±1.47 3.60–9.10

Crown rump length (cm) 43.63±3.75 33.0–55.0

Bone area (cm2) 0.454±0.037 0.388–0.540

BMDTB (g/cm2) 0.499±0.053 0.395–0.624

BMCTB (g) 227.96±37.41 158.50–308.80

LMTB (kg) 3.327±0.451 4.330–2.496

FMTB (kg) 2.037±1.159 0.118–4.422

BMD, bone mineral density; SD, standard deviation; BMDTB,  
total body bone mineral density; BMCTB, total body bone mineral 
content; LMTB, total body lean mass; FMTB, total body fat mass.
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Table 3 Short-term precision values of the lumbar spine in different combinations

Segments
Pr 1×1LSC80

1×1LSC95

RMS-SD RMS-CV% RMS-SD RMS-CV% RMS-SD RMS-CV%

L1-L6 0.005 0.72 0.008 1.30 0.013 1.99 

L1-L5 0.005 0.81 0.009 1.46 0.014 2.23 

L2-L6 0.005 0.75 0.009 1.36 0.013 2.08 

L1-L4 0.004 0.70 0.008 1.27 0.012 1.94 

L2-L5 0.005 0.85 0.009 1.53 0.014 2.34 

L3-L6 0.005 0.75 0.008 1.35 0.013 2.07 

L1-L3 0.005 0.76 0.009 1.37 0.014 2.10 

L2-L4 0.005 0.81 0.010 1.46 0.015 2.24 

L3-L5 0.005 0.78 0.009 1.42 0.013 2.17 

L4-L6 0.007 1.09 0.012 1.97 0.018 3.01 

L1-L2 0.007 1.03 0.013 1.86 0.019 2.85 

L2-L3 0.007 1.05 0.013 1.91 0.019 2.92 

L3-L4 0.005 0.82 0.009 1.48 0.014 2.26 

L4-L5 0.006 0.95 0.011 1.72 0.016 2.63 

L5-L6 0.006 0.89 0.010 1.61 0.016 2.46 

Pr, precision; 1×1LSC80, least significant changes for one scan at baseline and one at follow-up at 80% confidence; 1×1LSC95, least  
significant changes for one scan at baseline and one at follow-up at 95% confidence; RMS-SD, root mean square of standard deviation; 
RMS-CV%, root mean square of coefficient of variation. 

Table 2 Short-term precision values of total body BMD and composition

Parameter RMS-SD RMS-CV%
1×1LSC80

1×1LSC95

RMS-SD RMS-CV% RMS-SD RMS-CV%

BMDTB 0.002 0.50 0.004 0.91 0.006 1.39

BMCTB 0.90 0.42 1.63 0.76 2.49 1.16

LMTB 0.015 0.49 0.027 0.89 0.042 1.36

FMTB 0.031 2.71 0.056 4.91 0.086 7.51

BMD, bone mineral density; RMS-SD, root mean square standard deviation; RMS-CV%, root mean square coefficient of variation; 

1×1LSC80, least significant changes for one scan at baseline and one at follow-up at 80% confidence; 1×1LSC95, least significant changes for 
one scan at baseline and one at follow-up at 95% confidence; BMDTB, total body bone mineral density; BMCTB, total body bone mineral 
content; LMTB, total body lean mass; FMTB, total body fat mass. 

0.004 to 0.007 g/cm2, with LSC80 and LSC95 ranging 
from 0.008 to 0.013 g/cm2 and from 0.012 to 0.019 g/cm2, 
respectively, which are shown in Table 3.

Discussion

In this study, we demonstrated the short-term precision 

of BMD and body composition measurements using GE 
Lunar iDXA in 30 female cynomolgus monkeys. It showed 
excellent performance in detecting BMDTB, BMCTB 
and LMTB with RMS-CV% values lower than 0.5%; 
nevertheless, a larger variation was observed in FMTB with 
RMS-CV% 2.71%. In comparing the reproducibility of 
different spine segment combinations, all conformed to the 
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minimum acceptable precision of 1.9% for the lumbar spine, 
according to the Adult Official Positions of the ISCD (17).

The RMS-CV% in total body composition was slightly 
less than that detected in previous studies (14,18,19), 
possibly because the analysis software applied in our 
study was specifically designed for small animals rather 
than pediatric software, resulting in better repeatability. 
Our subjects’ weight range fits the recommended weight  
(2–20 kg) of the medium scan mode used in the present 
research, while the recommended weight (15–25 kg) 
in pediatric software was not as suitable for nonhuman 
primates in Black et al.’s study (14).

To distinguish real biological change from error inherent 
in the test itself, LSC is raised to represent the smallest 
change beyond the range of error. To our knowledge, no 
studies have calculated the LSC value of BMD and other 
body components in nonhuman primates. In general, LSC 
must be calculated with 95% statistical confidence under 
ideal conditions, but 80% statistical confidence is more 
than adequate for clinical decisions (8). Hence, both LSC80 
and LSC95 of RMS-CV% in different body components are 
presented.

There is no consensus in the selection of vertebral 
segments in studies of skeletal changes in nonhuman 
primates, although the combination of L2-L4 is the most 
popular selection (20-23). To determine the precision of 
different combinations, we first calculated the precision 
error of all possibilities based on manual delineation of 
ROIs, excluding L7 to avoid interference of the pelvis. As 
shown in Table 3, the greatest precision is shown in L1-L4 
with RMS-CV% 0.70%, while the largest variation is in 
L4-L6 with RMS-CV% 1.09%, which completely conforms 
with the acceptable precision of 1.9% (LSC95 =5.3%) 
recommended by the ISCD guidelines (17). In other words, 
there was no significant difference in precision in terms of 
the lumbar spine option. L2-L4 performs fairly well, with 
an RMS-CV% of 0.81%. To prevent disturbance of the ribs 
and ilium, we recommend excluding L1 and L7 from the 
selection.

Due to large economical burden caused by osteoporotic 
fracture, researches referring to novel strategies for the 
prevention and treatment of osteoporosis are increasing. 
OVX cynomolgus monkey is in common use as nonhuman 
primate model of osteoporosis (10-12). It will be better to 
introduce the precision data, like LSC, in these studies to 
evaluate the efficacy of new agents targeting osteoporosis. 
The main limitation of our study is that the repeatability 
data of spine BMD were acquired manually, which may 

increase precision error. Nevertheless, to some extent, the 
variability could be restricted with replicate assays.

Conclusions

Analysis software in a small animal model could improve 
the ability to precisely monitor bone mass and body 
composition between repeated scans in cynomolgus 
monkeys. Diverse choices of vertebral segments may 
not influence the precision of lumbar spine BMD; all 
combinations meet the standard of reproducibility 
according to ISCD guidelines. With excellent precision, 
DXA is suitable for nonhuman primates studies in terms 
of BMD and body composition, such as exploring the 
pathogenetic mechanism and evaluating novel therapies for 
osteoporosis. 
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