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Summary.  Dual -energy X-ray absorpt iometry  (DXA) was 
used to determine  the in vivo bone  mineral  content  (BMC) of 
lumbar  v e r t e b r a e  in 20 fe ra l  adul t  f emale  c y n o m o l g u s  
macaques  (Macacafascicularis). The ash weight  of  the third 
l umbar  v e r t e b r a  (L3) was  c o m p a r e d  to the  m e a s u r e d  
L3BMC of  the in vivo D X A  analyses.  Correla t ion be tween  
the es t imated L 3 B M C  by D X A  and the actual ash weight  
was significant (r = 0.965, P < 0.01); however ,  D X A  meth- 
odology underes t imated  ash weight  on the average of  6.2%. 
Correlat ion was significant be tween  two sequential  in vivo 
D X A  scans (r = 0.988, P < 0.001). Non invas ive  in vivo 
D X A  was a fast, precise ,  and effect ive method  for measuring 
the lumbar B M C  in female  cynomolgus  macaques .  
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Noninvas ive  measu remen t  of  bone mineral is an important  
tool in the evaluat ion  of  bone  mineral  status in exper imental  
studies. In human and nonhuman pr imate  subjects,  various 
types of  noninvas ive  measurements  have been  used to ob- 
tain es t imates  of  current  or  future relat ive risk of  bone frac- 
ture by assessing the amount  of  bone present  at a given t ime 
or the rate of  bone  loss (serial in vivo monitoring) [1--6]. 

Dual-energy X-ray absorpt iometry  (DXA) is the newest ,  
most  effect ive,  and accurate  tool for noninvas ive  determina- 
tion of  bone mineral  status in human primates  [5, 7]. Use  of  
D X A  in laboratory  animals has been  limited, and there are 
no reports  regarding its accuracy  and precis ion in nonhuman 
primates [8]. We have  repor ted  data using dual photon ab- 
sorpt iometry (DPA) in nonhuman primates  [9]. We now re- 
port the use of  in vivo D X A  to determine the bone mineral 
content  (BMC) of  the lumbar  spine in female  cynomolgus  
macaques .  These  data  provide  a technical  basis for the use of  
D X A  in studies using our  nonhuman pr imate  animal model  
of surgical menopause  [6, 10]. 

Materials and Methods 

Twenty feral adult female cynomolgus macaques (Macaca fascicu- 
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laris) imported from Jakarta, Indonesia, were used in this study. The 
animals were part of an osteoporosis/atherosclerosis experiment and 
were surgically menopausal (bilaterally ovariectomized) for approx- 
imately 22 months. The animals were given water ad libitum and fed 
controlled amounts of semipurified diets (mimicking the diet typi- 
cally consumed by North American human beings) containing 0.44 
mg of cholesterol/Cal. The calcium to phosphorus ratio was 1.03 
(805 mg of calcium and 778 mg of phosphorus/100 g of diet). The 
average age of the test animals was 10.7 years (standard error of the 
mean (SEM) = 0.32) as estimated by dentition. The mean body 
weight (BW) of the test animals was 3.49 kg (SEM = 0.12). The 
animals were housed in groups of 5--6 monkeys in indoor pens (14.5 
cubic meters) with outdoor runs of similar size. State and federal 
laws, standards of the Department of Health and Human Services, 
and guidelines established by our institutional Animal Care and Use 
Committee were followed. 

The DXA apparatus was calibrated daily using a dual step wedge 
standard constructed of acrylic and aluminum (as provided and rec- 
ommended by the manufacturer [11]). Also, as a quality control 
index, an anthropomorphic spine phantom made of calcium sulfate 
and cast polyester of known mineral content was scanned dally for 
evaluation of in vitro accuracy and precision [11]. The scans were 
performed on a DXA scanner (Norland model XR26, Norland 
Corp., Fort Atkinson, WI) designed for human patients and ap- 
proved for laboratory animal use. Each scan yielded the cortical 
plus trabecular BMC in the path of the energy beams in g. All DXA 
scans and their analyses were made by one of us (SER). 

Methodology for DXA lumbar spine scans in macaques was sim- 
ilar to that previously described for DPA [9]. After a 12-hour fast, 
the animals were sedated using ketamine hydrochloride (15 mg/kg, 
Vetalar, Parke-Davis, Morris Plains, N J) and acepromazine maleate 
(0.05 mg/kg, PromAce, Fort Dodge Laboratories Inc., Fort Dodge, 
IA) given intramuscularly. The DXA table pad was removed and 
replaced with a sheet of plywood with a central T-shaped plexiglas 
patient window. Another window was made for the calibration box. 
The animals were placed supine on the central 152.0 • 38.0 • 0.5 cm 
plexiglas board and secured in place with velcro straps that were 
glued to the plexiglas surface. The tail was secured with tape and 
velcro to the plexiglas. The spine scans were taken at a 1.5 mm point 
resolution, 1.5 mm line spacing, 6 cm scan width, and a speed of 60 
mm/sec. Scans were taken from approximately 1 cm below the in- 
ferior xiphoid process to approximately 2 cm below the cranial ven- 
tral iliac spine. In order to determine the precision of in vivo DXA, 
two sequential lumbar spine scans were performed per animal with- 
out repositioning. 

Immediately following the spine scans, each monkey was eu- 
thanized with an intravenous injection of sodium pentobarbital and 
necropsied. The lumbar spine segment (L1-L5) was excised and the 
soft tissue was removed. The L3 vertebra of each spine segment was 
removed, ashed overnight in a laboratory box furnace at 650~ and 
weighed to determine bone ash weight (true bone mineral). The 
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Fig. 1. Significant correlation between L3BMC of the second con- 
secutive in vivo lumbar spine scan measured by DXA and the actual 
L3 ash WT in 20 female cynomolgus macaques (ash WT = [BMC • 
0.984] + 0.148, for which r = 0.965 and SEE = 0.084). 
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Fig. 2. Significant correlation between L3BMC of the first and sec- 
ond consecutive in vivo spine scan measured by DXA in 20 female 
cynomolgus macaques (second BMC = [lst BMC • 1.027] - 0.027, 
for which r = 0.988). 

L3BMC of the second in vivo DXA scan was compared to the L3 
vertebral bone ash weight as a test of accuracy. 

Means, SEM, standard error of the estimate (SEE), and coeffi- 
cients of variation (CV) were calculated for BMC. Percent differ- 
ences, correlations, and analyses of variance were done as required. 
All tests of significance were two-tailed. 

Resu l t s  

Daily DXA spine scans (n = 16) of the phantom standard 
provided by the manufacturer yielded an in vitro average % 
difference for BMC of 1.55% (SEM = 0.14) with a CV of 
0.55%, slightly underestimating the mineral content. 

The total working time for in vivo DXA was approxi- 
mately 15-20 minutes per animal, including sedation, prep- 
aration, and scanning time (two spine scans per animal). 
Each lumbar spine was approximately 4.5 minutes (including 
scanning and analysis). 

The mean L3BMC by DXA for the 20 in vivo scans was 
1.81 g (SEM = 0.07), and the mean bone ash weight was 1.93 
g (SEM = 0.07), resulting in an absolute average difference 
of 6.20% (range of 0.53-14.75%). Figure 1 is a scatter plot 
with linear regression analysis demonstrating the significant 
correlation between L3BMC and the L3 ash weight. L3BMC 
by DXA consistently and significantly (P < 0.01) underesti- 
mated the actual bone ash weight. For the regression model 
comparing ash weight and L3BMC, the y intercept was sig- 
nificantly different from 0 (P < 0.05) due to underestimation 
of L3BMC by DXA, and the slope was not significantly dif- 
ferent from 1 (P > 0.05). The animal's BW correlated sig- 
nificantly with L3BMC by DXA (r = 0.552,P < 0.02). 

L3BMC precision by in v ivo DXA was excellent. Figure 
2 is a linear regression scatter plot for the first and second in 
vivo DXA scans. The correlation between these two scans 
was significant (r = 0.988, P < 0.001 and SEE = 0.048). 

D i s c u s s i o n  

In the present study there was excellent correlation between 
the estimated L3BMC by DXA and the actual ash weight of 

L3, as well as between the two sequential DXA scans. Nor- 
land DXA methodology consistently underestimated actual 
bone ash weight by 6.2%. These results are similar to those 
from a study of human cadaver lumbar spines, in which the 
Hologic DXA underestimated the ash weight by 8.9% [7]. 
Although not tested here, the DXA precision may be af- 
fected by repositioning of the subject. 

Lumbar spine scans by DXA in female macaques com- 
pare favorably with other reported absorptiometry tech- 
niques, particularly DPA [9]. The reported accuracy of DPA 
is 1-2% using pelvic phantoms and 5-12% using human lum- 
bar spine [7, 11, 12-15]. Accuracy, by DXA with the XR26, 
was similar to that obtained with the Norland 2600 DPA, 
which also underestimates the actual bone ash weight [9]. 
For both DPA and DXA, the accuracy for in vivo measure- 
ments can be degraded further by attenuation due to ex- 
traosseous calcification in osteophytes or vascular struc- 
tures, or by vertebral crush fractures [8]. At necropsy, no 
gross skeletal abnormalities were observed over the scanned 
area. Because calcification of abdominal aortas due to the 
atherogenic diet fed was an experimental concern, a thoracic 
and abdominal aorta segment with grossly evident athero- 
sclerotic lesions was excised and scanned ex vivo by DXA. 
The scans revealed no mineral content within the vessels. 

An advantage of DXA over DPA is that the time required 
for the DXA lumbar spine scans is substantially less. Time is 
particularly important in in vivo studies using laboratory an- 
imals, in which appropriate sedation during the scanning 
process is required. 

DXA is a precise and rapid method for noninvasive mea- 
surements of lumbar spine bone mineral status in live female 
cynomolgus macaques, and is a promising tool for assess- 
ment of bone loss in our nonhuman primate model for os- 
teoporosis research [6, 10, 15]. 
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