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ARTICLE INFO ABSTRACT
Keywords: Objective: The primary purpose of this cross-sectional study was to investigate the characteristics of age-related
High-resolution peripheral quantitative changes in bone microstructure on high-resolution peripheral quantitative computed tomography (HR-pQCT),

computed tomography (HR-pQCT)
Male osteoporosis

Bone microstructure

Dual-energy X-ray absorptiometry
Bone turnover marker

areal bone mineral density (aBMD) on dual-energy X-ray absorptiometry (DXA), and bone-related biochemical
markers in men. The secondary purpose of this study was to examine how bone microstructure is related to aBMD
and biochemical markers.

Methods: The subjects were 128 healthy Japanese men (20-97 years old). Bone microstructure was measured in
the distal radius and tibia using second-generation HR-pQCT; aBMD in the proximal femur and lumbar spine was
measured with DXA; and tartrate-resistant acid phosphatase-5b (TRACP-5b), type I procollagen-N-propeptide
(P1NP), 25(0H) vitamin D, and pentosidine concentrations were measured by blood tests.

Results: In trabecular bone, the trabecular volumetric BMD (Tb.vBMD) and trabecular number (Tb.N) were lower
with age (r = —0.23, —0.35) (r = —0.36,-0.33), and trabecular separation (Tb.Sp) and the star volume of marrow
space (V*ms) were higher with age (r = 0.29, 0.41) (r = 0.34, 0.38) in both the radius and tibia.

In cortical bone, cortical volumetric BMD (Ct.vBMD) was lower with age (r = —0.25, —0.52), and cortical
porosity (Ct.Po) was higher with age (r = 0.67, 0.62) in both the radius and tibia. In the tibia, cortical thickness
(Ct.Th) and cortical area (Ct.Ar) were lower with age (r = —0.40) (r = —0.43), whereas, in the radius, they were
maintained, and periosteal perimeter (Ct.Pm) was higher with age (r = 0.35).

aBMD in the proximal femur and P1NP were lower, and pentosidine was higher with increased age, whereas
aBMD in the lumbar spine, TRACP-5b, and 25(OH) vitamin D had no relationships with age.

DXA and HR-pQCT showed strong correlations particularly with femoral aBMD and tibial Tb.vBMD and Ct.Ar (r
= 0.61) (r = 0.61), whereas no DXA parameters were related with Ct.Po. In correlations between biochemical
markers and HR-pQCT, TRACP-5b and total P1INP were negatively correlated with Ct.vBMD (r = —0.31) (r =
—0.35), but almost no other correlations were seen.

Conclusions: Age-related changes of the bone microstructure in men were characterized by decreases in trabec-
ular and cortical vBMD associated with decreased trabecular number, cavitation of the trabecular structure, and
increased cortical porosity. Femoral aBMD was strongly related to bone microstructure in the tibia, whereas both
lumbar aBMD and femoral aBMD were not related to Ct.Po, and biochemical markers showed almost no re-
lationships with bone microstructure.

1. Introduction fracture. Bone strength primarily reflects the integration of bone density
and bone quality [1,2].

Osteoporosis is defined as a skeletal disorder characterized by In men with osteoporosis, the prognosis is generally poor, and the

compromised bone strength predisposing a person to an increased risk of mortality rate after a fragility fracture is higher than that in women;
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Background information of the participants and measurement values of DXA parameters, biochemical markers, and their correlations with age, change (%) over 10

years, and comparisons among generations.

Variable Total Correlation Change Age (20-29 (30-39y) (40-49 y) (50-59y) (60-69 y) (70-79y) (>80y)
with age (%) in y)
10 years
Number 128 20 19 20 19 20 20 10
Age (y) 53.5 24.5 35.0 45(42-48) 55.0 (53-57) 64.5 74.5 83.0
(36.0-69.0) (21-27.8) (32-36) (61-67.8) (71.5-77) (81.8-84.5)
Height (cm) 169 —0.465** —0.96 171 170 172 169 169 162 163
(164-173) (168-175) (168-175) (178-178) (166-171) (166-172) (160—165)3]& (156-167)3"¢
Weight (kg) 65.5 —0.236** -1.69 65.0 66.0 72.5 (62-80) 72.5 (69-81) 65.0 (59-71) 62.0 58.0
(60.0-74.0) (62-73) (59-75) (56-68)*4 (55-64)4
BMI (kg/mz) 23.3 0.040 0.15 22.6 22.7 £ 3.0 24.2 26.0 22.8 23.5 22.5
(21.6-25.3) (19.8-24.1) (21.2-26.7) (23.2-28.3) (21.4-24.5) (21.8-24.4) (22.0-23.2)
CKD (stage 3) 27 (21.1) 0 (0) 1(5.3) 0 (0) 6 (31.6) 5 (25.0) 8 (40.0) 7 (70.0)
Type2 DM 6 (4.7) 0(0) 0 (0) 0(0) 1(5.3) 2(10.0) 2(10.0) 1 (10.0)
Exercise 49/40/25/ 8/6/4/2 7/8/3/1 10/6/3/1 10/4/4/1 4/7/5/4 8/4/4/4 2/5/2/1
frequency 14
(0/1-2/3-4/
5-7 days per
week)
Total hip (g/ 0.98 —0.328** —2.68 1.13 1.00 0.94 0.99 0.95 0.94 0.92
cm?) (0.88-1.08) (1.03-1.24) (0.90-1.07) (0.87-1.06) (0.92-1.06) (0.86-1.03)2 (0,85-1.10)* (0.81-1.04)*
Femoral neck 0.90 —0.459** -3.71 1.11 0.95 0.89 0.91 0.89 0.86 0.83
(g/cmz) (0.82-1.04) (1.02-1.18) (0.88-1.08) (0.82-1.03)2 (0.81-0.98)2 (0.79-0.95)2 (0.79-1.00)2 (0.73-0.92)2
Lumbar spine 1.14 0.081 1.20 1.20 1.11 1.07 1.14 1.21 1.14 1.17
(g/cmz) (1.03-1.29) (1.14-1.29) (1.01-1.17) (1.00-1.16) (1.05-1.22) (1.04-1.39) (1.00-1.40) (1.03-1.38)
Osteopenia (T- 48 (37.5) 2 (10.0) 4(21.1) 8 (40.0) 8 (42.1) 10 (50.0) 11 (55.0) 5 (50.0)
score < —1)
Osteoporosis 5(.9) 0(0) 0 (0) 1(5.0) 1(5.3) 0 (0) 1(5.0) 2(20.0)
(T-score <
—2.5)
cCa (mg/dL) 9.4 —0.466** —0.95 9.7 9.7 9.4 (9.0-9.7) 9.4 (9.2-9.5) 9.2 9.2(9.1-9.3)° 9.2
(9.1-9.7) (9.3-9.8) (9.4-9.9) (9.0-9.4) (9.0-9.3)°
P (mg/dL) 3.3 —0.285** —2.18 3.5 3.8 3.1 (2.8-3.4) 3.3(2.9-3.7) 3.3(2.8-3.5) 3.2 (2.9-3.6) 3.1 (2.8-3.5)
(2.9-3.7) (3.1-3.9) (3.3-4.0) b
TRACP-5b 325 —0.092 —0.40 379 313 305 314 390 306 292
(mU/dL) (263-383) (321-431) (263-367) (260-357) (217-370) (294-445) (251-342) (235-442)
total PINP 43.3 —0.493** —-12.39 73.9 53.0 39.5 41.4 40.3 37.8 36.3
(pg/L) (33.7-53.9) (55.2-101) (46.6-67.4)* (30.2-51.0)2 (34.5-48.4)2 (33.2-43.8)2 (27.5-46.7)2 (29.8-42.1)2
25(0H) 16.9 0.147 2.47 17.6 15.8 15.0 16.8 17.1 19.3 17.1
vitamin D (13.3-21.5) (10.621.2) (12.7-19.4) (12.0-18.0) (14.3-20.8) (14.2-22.2) (13.5-23.5) (13.2-21.9)
(ng/mL)
25(0OH) 42.1 0.147 2.47 44.0 39.5 37.4 42.0 42.8 48.3 42.8
vitamin D (33.3-53.8) (26.6-53.0) (31.8-48.5) (29.9-44.9) (35.8-52.0) (35.5-55.4) (33.8-58.6) (33.1-54.6)
(nmol/L)
Pentosidine 23.0 0.518** 9.49 18.4 21.4 20.9 27.0 24.1 28.0 29.1
(pmol/L) (18.7-28.9) (16.3-22.7) (17.4-24.2) (17.7-24.3) (21.2-29.0) (20.5-31.4) (25.1-33.0)2 (27.5-32.8)2

BMI: body mass index, CKD: chronic kidney disease, DM: diabetes mellitus, Exercise frequency; 0, 1-2, 3-4, 5-7 days per week.
Total hip: average aBMD of bilateral proximal femurs, Femoral neck: average aBMD of bilateral femoral necks, Lumbar spine: average aBMD of L1-4,
cCa: Corrected serum calcium, P: phosphate, TRACP-5b: tartrate-resistant acid phosphatase 5b, total PINP: procollagen type 1 N-terminal propeptide, 25(OH) vitamin

D: 25-hydroxyvitamin D.
Data are presented as median (interquartile range).
Spearman's rank-correlation coefficient with age, *: p<0.01, **: p<0.001 (bold).

Multiple comparison test with Bonferroni's correction, a: p < 0.01 compared to 20’, b: 30/, c: 40’, d: 50’, e: 60/, f: 70', underline: p < 0.001 (bold).

early diagnosis and appropriate treatment are thus considered important
[3-6].

Measurements of areal bone mineral density (aBMD) with dual-
energy X-ray absorptiometry (DXA) are widely used in evaluating
osteoporosis. Although bone fragility is strongly associated with the
microstructure of cortical and trabecular bone, it cannot be evaluated by
DXA. Evaluation of the bone microstructure inside the living human
body has required bone biopsy of the ilium so far [7].

High-resolution peripheral quantitative computed tomography (HR-
pQCT) was developed in 2004, with a voxel size of 82 pm, making it
possible to evaluate bone microstructure in vivo. Since then, many
studies of changes in bone microstructure due to aging, sex differences,
and various diseases have been conducted [8-10]. Second-generation
HR-pQCT was developed in 2014 and has an improved voxel size of
61 pm. Although some parameters were measured by indirect methods
in first-generation HR-pQCT, direct measurement of bone

microstructure became possible in the second generation, enabling more
detailed analysis of bone microstructure [11-13].

Several previously reported studies investigated the age-related
changes in bone microstructure in men with HR-pQCT, but nearly all
of them used first-generation HR-pQCT [14-17]. A few studies have
used second-generation HR-pQCT [18,19], but they have not examined
the structure model index (SMI), connectivity density (Conn.D), degree
of anisotropy (DA), and star volume of marrow space (V*ms), which are
unique parameters evaluating trabecular structure three-dimensionally
and have been used in various studies using micro-CT and HR-pQCT
[20,21]. It may be meaningful to analyze these parameters to know
more about the etiology of the age-related changes in bone micro-
structure in men.

In addition, relationships of bone microstructure with aBMD on DXA
and bone-related biochemical markers such as tartrate-resistant acid
phosphatase-5b (TRACP-5b), type I procollagen-N-propeptide (P1NP),
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Fig. 1. Scatter plots of age and total hip and lumbar spine aBMD.

25(0OH) vitamin D, and pentosidine are not well understood. By inves-
tigating bone microstructural parameters that do not correlate with
aBMD, it may be possible to clarify factors related to bone fragility in
men that cannot be detected by DXA. TRACP-5b is a bone resorption
marker that is thought to be less susceptible to changes in renal function
and diurnal variation than C-terminal telopeptide (CTX) or N-terminal
telopeptide (NTX) [22,23]. Pentosidine is an advanced glycation end
product (AGE), and it has been used as a surrogate marker of deterio-
rated collagen crosslinks in bone in recent years [24]. Analyzing the
relationship between these biochemical markers and bone microstruc-
ture may be useful in clarifying the causes of age-related changes in bone
microstructure in men.

The primary purpose of this study was to investigate the character-
istics of age-related changes in bone microstructure at the distal radius
and tibia on second-generation HR-pQCT, aBMD at the lumbar spine and
proximal femur on DXA, and TRACP-5b, P1NP, vitamin D, and pento-
sidine on blood tests in men by conducting a cross-sectional analysis.
The secondary purpose of this study was to analyze the relationships of
bone microstructure with aBMD and biochemical markers.

2. Methods
2.1. Participants

The subjects were 128 healthy male volunteers who participated in a
cohort study conducted in Nagasaki Prefecture, Japan (Japanese study
of bone miCrostructure and minerAl density in a noRmAtive cohorT
measured by HR-pQCT: J-Carat Study).

The inclusion criteria were men and 20 years of age or older, and the
exclusion criteria were a history of clinical fragility fracture in the
proximal femur or vertebra (men with subclinical vertebral fractures
were included), a history of any of the following conditions that cause
secondary osteoporosis (steroid use, rheumatoid arthritis, paralysis due
to stroke, severe renal dysfunction, or hyperparathyroidism), and use of
osteoporosis drugs (men taking calcium and vitamin D were included).
Men undergoing cancer treatment at the time of participation in this
study were also excluded.

This study was approved by the Nagasaki University Hospital Clin-
ical Research Ethics Committee, and consent was obtained from all
study participants at the time of entry (Approval no: 15083105).

2.2. DXA

aBMD was measured in the proximal femur (total hip, femoral neck)

and lumbar spine (L1-4) using DXA (Prodigy Advance, GE Lunar,
Madison, WI, USA). For the proximal femur, both legs were measured,
and the average value was used if there was no history of hip replace-
ment [25]. For the lumbar spine, vertebrae that had obviously higher
aBMD values compared with other vertebrae as a result of degenerative
changes were excluded.

2.3. Biochemical markers

Serum calcium, phosphorus, TRACP-5b, total PINP, 25(OH) vitamin
D, and pentosidine levels were measured. Serum calcium was corrected
when the serum albumin level was below 4 g/dL. The correction formula
was: corrected serum calcium = serum calcium + (4 — serum albumin).
TRACP-5b was measured using an enzyme immunoassay (EIA) (Osteo-
links TRAP-5b, SB Bioscience Co., Ltd., Tokyo, Japan), total PINP was
measured using an electro-chemiluminescence immunoassay (ECLIA)
(Elecsys Total PINP, Roche Diagnostics K.Ks., Tokyo, Japan), 25(0OH)
vitamin D was measured using a chemiluminescent immunoassay (CLIA)
(LIAISON 25 OH Vitamin D TOTAL, Hitachi Chemical Diagnostics Sys-
tems Co., Ltd., Tokyo, Japan), and pentosidine was measured using high-
performance liquid chromatography (HPLC) with a self-prepared re-
agent. The above tests were performed by a clinical testing company (LSI
Medience Corporation, Tokyo, Japan).

2.4. HRpQCT

Using second-generation HR-pQCT (XtreamCT II, Scanco Medical,
Brittisellen, Switzerland), the non-dominant distal radius and tibia were
scanned with a relative offset method [21,26,27]. For the radius, scans
were centered at a position 4% of the forearm length proximal from the
ulnar side of the distal articular surface of the radius. For the tibia, the
scans were centered at a position 7.3% of the lower leg length proximal
from the distal articular surface of the tibia. The scan conditions were as
follows: tube voltage 68 kVp, tube current 1460 pA, integration time 43
ms, number of projections 900, field of view 140 mm, matrix 2304 x
2304, voxel size 60.7 pm, and total number of slices 168. Scanning time
was 2 min, and the effective dose was 5 pSv. Motion artifacts were
evaluated on all images, and those of grade 3 or higher were excluded
[28,29].

Segmentation of the trabecular and cortical bones was performed,
and the following parameters were measured on the obtained images
(TRI/3D-BON, Ratoc System Engineering Co., Ltd., Tokyo, Japan) [30].

Contours of periosteal and endocortical lines were semi-
automatically determined using the global threshold value of 450 mg/
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Fig. 2. Scatter plots of age and TRACP-5b, total PINP, 25(OH) vitamin D, and pentosidine levels.

em? for cortical bone adopted by the second-generation HR-pQCT [21].
In rare cases, lines were corrected manually.

Trabecular volumetric bone mineral density (Tb.vBMD), trabecular
bone volume fraction (Tb.BV/TV), trabecular number (Tb.N), trabecular
thickness (Tb.Th), trabecular separation (Tb.Sp), SMI, Conn.D, DA, and
V*ms were measured as trabecular bone parameters.

Cortical volumetric bone mineral density (Ct.vBMD), cortical
porosity (Ct.Po), cortical thickness (Ct.Th), cortical area (Ct.Ar), peri-
osteal perimeter (Ct.Pm), and endocortical perimeter (Ec.Pm) were
measured as cortical bone parameters.

BMD values were calculated from X-ray attenuation values using a
regression line obtained with phantom imaging. For Tb.BV/TV and Ct.
Po, the threshold values for trabecular bone and cortical bone were
taken to be 320 and 450 mg/cm3, respectively [21], and the volume
density was calculated. Tb.Th, Tb.Sp, and Ct.Th were measured by the
distance transformation method [21,31].

SMI expresses the three-dimensional structure of trabecular bone. A
rod-like structure is taken to be 0, and a plate-like structure to be 3, and
the state of the two is expressed numerically [32]. Conn.D is an indicator
that evaluates the connectivity of trabecular bone. It is evaluated by the

number of ring-like structures formed by trabecular bone. Higher
numbers indicate higher connectivity [33]. DA is an indicator that
evaluates the directionality of trabecular bone, calculated from the long
and short axes of the ellipse created from the mean intercept length
(MIL). Larger numbers show that the directionality of trabecular bone is
large [34]. V*ms is an indicator that evaluates the cavitation of
trabecular bone. By measuring lines extending radially in all directions
from an arbitrary point in the bone marrow until trabeculae are touched,
the cavitation of trabecular bone is evaluated. Higher values indicate
higher cavitation of trabecular bone [35].

2.5. Statistical analysis

The correlations between age and DXA, biochemical markers, and
HR-pQCT measurements were tested using Spearman's rank correlation
coefficient. Scatter plots were created for age and each measured value,
and the slopes of regression lines were obtained. The mean percentage
change of measured values over 10 years was also estimated by the
following formula: slope of regression line x 10/mean value for each
parameter x 100. Differences between age groups (20-29, 30-39,
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Fig. 3. Scatter plots of age and trabecular bone microstructural parameters at the distal radius and tibia.
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40-49, 50-59, 60-69, 70-79, >80 years) were compared using a mul-
tiple comparison test with Bonferroni's correction.

Correlations between DXA parameters, biochemical markers, and
HR-pQCT parameters were tested using partial correlation coefficients
adjusted for age, height, and weight.

In all tests, P < 0.01 was taken to indicate a significant difference
(SPSS Ver. 22, IBM Corp., Armonk, NY).

3. Results
3.1. Participants
As shown in Table 1, the study participants had a median age of 53.5

years (20-97 years), median height of 169 cm (151-185 cm), median
weight of 65.5 kg (48-98 kg), and median body mass index of 23.3 kg/

m? (17.5-33.9 kg/m?). Height and weight were significantly lower in
older men.

There were 27 men with stage-3 chronic kidney disease (CKD) (eGFR
30-59 mL/min/1.73 m?) and 0 with stage-4 CKD (eGFR <30 mL/min/
1.73 mz); 8 had type 2 diabetes mellitus, 2 with no medication, 6 with
oral medication, and 0 with insulin. There was one man taking vitamin
D, and no men taking calcium or osteoporosis drugs.

3.2. DXA

As shown in Table 1, Fig. 1, and Sup. Fig. 1, total hip and femoral
neck aBMD were significantly lower with increased age, but no corre-
lation was seen between lumbar spine aBMD and age. As shown in
Table 1, there were 48 men with osteopenia (T-score < —1: 40 in total
hip, 48 in the femoral neck, and 13 in the lumbar spine) and 5 men with
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Fig. 4. Scatter plots of age and cortical bone microstructural parameters at the distal radius and tibia.

osteoporosis (T-score < —2.5: 0 in total hip, 5 in the femoral neck, and
0 in the lumbar spine).

3.3. Biochemical markers

As shown in Table 1, serum calcium and phosphorus were lower in
older men. As shown in Fig. 2, TRACP-5b was not significantly corre-
lated with age, and total PINP was negatively correlated with age, in
particular being significantly higher in men in their 20s. 25(OH) vitamin
D was low (median 16.9 ng/mL) regardless of age, deficient (<20 ng/
mL) in 69.5% (89/128), insufficient (20-30 ng/mL) in 28.1% (36/128),
and sufficient (>30 ng/mL) in 2.3% (3/128) of participants. Pentosidine
was higher with increased age.

3.4. HRpQCT

In this study, motion artifact grade 1 and 2 images were obtained in
all participants, so both the distal radius and tibia were analyzed in 128
cases.

As shown in Tables 2 and 3, Figs. 3 and 5, and Sup. Fig. 2, in
trabecular bone, Tb.vBMD and Tb.N were lower, and Tb.Sp was higher
in both the radius and tibia of older men. V*ms was higher in older men,
indicating that cavitation of the trabecular structure occurs with age. DA
was lower, meaning the directionality of trabeculae decreased with
increased age.

As shown in Tables 2 and 3, Figs. 4 and 5, and Sup. Fig. 3, in cortical
bone, Ct.vBMD was lower, and Ct.Po was higher in both the radius and
tibia in older men. Ct.Po showed the strongest correlation with age. In
the tibia, Ct.Th and Ct.Ar were lower with increased age. In the radius, in
contrast, a significant decrease in Ct.Ar was not seen, but Ct.Pm and Ec.
Pm were significantly higher in older men.

As shown in Fig. 6, when the rate of change (%) per 10 years in bone
microstructure was compared in terms of the parameters, large rates of
change were seen in V*ms (10.5, 10.6%/10 years) in trabecular bone
and in Ct.Po (16.2, 12.9%/10 years) in cortical bone.
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Fig. 4. (continued).

3.5. Correlations between DXA and HR-pQCT

As shown in Table 4, the total hip and femoral neck DXA parameters
were correlated with Tb.vBMD, Tb.BV/TV, and SMI in trabecular bone
in the radius, but no correlations were seen in cortical bone in the radius.
In the tibia, correlations were seen with Tb.vBMD, Tb.BV/TV, Tb.Th, Tb.
Sp, SMIL, and V*ms in trabecular bone and Ct.vBMD, Ct.Th, and Ct.Ar in
cortical bone.

In the lumbar spine, no strong correlations were seen with the radius,
whereas in the tibia, correlations were seen with Tb.vBMD, Tb.BV/TV,
Tb.Th, Tb.Sp, and SMI in trabecular bone and with Ct.Th and Ct.Ar in
cortical bone.

In summary, the correlations between DXA and HR-pQCT parame-
ters were stronger in the femur than in the lumbar spine, and in the tibia
than in the radius.

3.6. Correlations between biochemical markers and HR-pQCT

As shown in Table 5, significant negative correlations were seen
between total PINP and Ct.vBMD of the radius and between TRACP-5b

and Ct.vBMD of the tibia, but other than that, there were almost no
significant correlations between TRACP-5b, P1NP, 25(0OH) vitamin D,
and pentosidine and bone microstructure parameters.

4. Discussion

This cross-sectional study investigated the characteristics of age-
related changes in aBMD, biochemical markers, and bone microstruc-
ture, in healthy men, from young adults to seniors, using DXA, blood
biochemical tests, and second-generation HR-pQCT. The relationships of
aBMD and biochemical markers with bone microstructure were also
analyzed.

4.1. Age-related changes in DXA parameters and biochemical markers

It has been reported that degenerative changes of the spine affect
lumbar aBMD more in men than in women, and lumbar aBMD in men
does not decrease even in the elderly [36]. Therefore, it is recommended
that aBMD of the proximal femurs should be used to evaluate osteopo-
rosis in men [37]. The present study also showed there was no age-
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Fig. 5. Two- and three-dimensional HR-pQCT images of the distal tibia of a 21-year-old man (A and C) and a 75-year-old man (B and D). The older man shows less
trabecular bone (Tb.N: 0.80 vs. 0.62, Tb.Sp: 472 vs. 691, V*ms: 4.3% vs. 18.4%) and cortical porosity (Ct.Po: 1.1% vs. 2.8%).

related decrease in the lumbar spine and a significant age-related
decrease in the proximal femurs.

Previous studies reported that the bone formation marker P1NP
decreases with age [38]. The high levels of PINP in the 20s in the pre-
sent study suggest the possibility that bone formation is still increased in
young adult men.

Several past studies have reported that Japanese people are deficient
in vitamin D, and the diet, lifestyle, and living environment are thought
to be likely causes [39-42].

It has been reported that bone collagen crosslinks deteriorate with
increased AGEs, which is caused by aging, chronic kidney disease, and
type 2 diabetes mellitus [24]. The higher pentosidine in older men in the
present study may indicate that age-related deterioration occurs not
only in bone microstructure, but in also bone collagen crosslinks.

4.2. Age-related changes in HR-pQCT parameters

In trabecular bone, decreased Tb.vBMD with age was thought to be
caused by a loss of trabecular bone (decreased Tb.N). Although men do
not have major events that increase bone resorption such as menopause
in women, trabecular bones may be gradually absorbed with aging to
maintain calcium balance. Loss of trabecular bone results in cavitation
of the trabecular structure (increased Tb.Sp and V*ms). Among trabec-
ular bone parameters, V*ms, which shows cavitation of the trabecular
structure, has the highest rate of change and so may be the most sensi-
tive parameter to evaluate age-related changes in trabecular bone in
men.

Previous studies using micro-CT with bone specimens from the ilium,
vertebral body, and femoral neck showed that decreases in Tb.Th and
Tb.N and increases in Tb.Sp occur with age in men [43,44]. In the
present study, a decrease in Tb.Th was not seen. Although the resolution

of the in vivo analysis with the second-generation HR-pQCT is improved
compared to that of the first-generation, it is still lower than that of ex
vivo analysis by micro-CT. It is considered that different results from
micro-CT were obtained because thin trabecular bones less than 100 pm
are not adequately captured with HR-pQCT.

In cortical bone, decreased Ct.vBMD and increased Ct.Po with age
were thought to occur by bone resorption in cortical bone to maintain
calcium metabolism, as well as trabecular bone. Ct.Po showed the
greatest rate of change among cortical bone parameters, and it is
thought to be the most sensitive parameter to evaluate the age-related
changes in cortical bone.

Decreased Ct.Th with age in the tibia might occur because the tibia is
a weight-bearing bone and is more affected by the activity level. In
contrast, larger Ct.Pm with age in the radius might be a compensatory
response to maintain bone strength with the larger diameter.

Hansen et al. evaluated bone microstructure in adult Danish men and
women using first-generation HR-pQCT and reported that, in men, Tb.
vBMD and Tb.Th decreased and Ct.Po increased with age, but no
changes were seen in Ct.Th [15]. Zhu et al. analyzed bone microstruc-
ture in adult Chinese men and women using first-generation HR-pQCT,
and they reported that, in men, Tb.vBMD and Ct.vBMD decreased
gradually with age, although the timing of the start of those decreases
differed, whereas Ct.Po increased, and Ct.Th was maintained [17]. With
first-generation and second-generation HR-pQCT, not only the resolu-
tion, but also the analytical algorithm differs, which may have
contributed to the differing results [21].

Yu et al. analyzed bone microstructure in adult Chinese men and
women using second-generation HR-pQCT, and reported that Tb.vBMD,
Tb.N, and Tb.Th decreased with age, Tb.Sp increased, Ct.Th decreased,
and Ct.Po showed the highest rate of increase in men [18]. This suggests
that the trends in age-related changes in bone microstructure are similar
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Table 2
Measurement values of HR-pQCT parameters at the distal radius and their correlations with age, change (%) over 10 years, and comparisons among generations.
Distal Total Correlation Change Age (20-29 (30-39y) (40-49 y) (50-59 y) (60-69 y) (70-79y) (>80y)
Radius with age (%) in 10 y)
years
Trabecular bone
Tb.vBMD 124 —0.228** —-2.70 133 142 121 128 116 120 (94.3-157) 108 (100-134)
(mg (105-147) (123-144) (114-167) (90.5-152) (117-148) (104-140)
HA/
cm®)
Tb.BV/ 21.6 —0.177* —-1.86 23.6 25.4 21.6 22.7 20.5 21.3 19.3
TV (%) (18.0-25.5) (18.4-25.9) (16.8-28.3) (14.7-26.2) (21.0-25.9) (18.5-24.2) (16.5-26.6) (17.6-23.0)
Tb.Th 204 0.109 0.55 200 214 204 204 200 214 (196-220) 208 (186-222)
(pm) (190-219) (183-213) (184-237) (179-215) (190-218) (190-220)
Tb.N 1.37 —0.360%* -1.59 1.49 1.35 1.43 1.39 1.31 1.33 1.33
(/mm) (1.27-1.50) (1.39-1.53) (1.28-1.48) (1.23-1.57) (1.33-1.61) (1.22-1.40) (1.18-1.47) (1.23-1.36)
Tb.Sp 527 0.288** 2.56 473 503 513 502 560 538 (457-661) 557 (524-598)
(pm) (459-584) (454-508) (471-595) (427-604) (430-544) (500-604)
SMI 1.69 0.218* 2.26 1.53 1.67 1.75 1.64 1.70 1.73 1.82
(1.49-1.87) (1.27-1.75) (1.15-1.88) (1.50-2.08) (1.52-1.83) (1.65-1.87) (1.50-1.86) (1.67-2.05)
Conn.D 3.22 —0.231** -3.20 3.86 3.12 3.33 3.49 2.94 2.89 2.92
(/mm?) (2.67-4.02) (3.21-4.34) (2.66-3.63) (2.31-4.11) (2.91-4.37) (2.46-3.76) (2.26-3.66) (2.51-3.25)
DA 1.91 —0.242%* -1.10 2.00 1.94 1.91 1.85 1.89 1.85 1.81
(1.80-2.04) (1.90-2.17) (1.83-2.08) (1.80-2.05) (1.72-2.17) (1.76-2.02) (1.81-2.00) (1.78-1.95)
V*ms 6.22 0.340** 10.45 4.20 3.71 6.41 4.95 8.14 7.46 7.76
(mm?) (3.77-9.84) (3.56-5.87) (3.19-11.6) (3.85-15.5) (2.97-8.65) (5.26-11.1) (5.91-16.0) (5.78-12.8)
Cortical bone
Ct.vBMD 893 —0.251%* —0.66 881 917 917 885 897 855 868 (820-893)
(mg (854-920) (844-899) (894-945) (898-937) (860-902) (829-936) (840-887)k¢
HA/
cm3)
Ct.Po (%) 0.97 0.665** 16.24 0.62 0.87 0.77 1.05 1.26 1.36 1.70
(0.67-1.32) (0.53-0.81)  (0.66-0.97)  (0.55-0.92)  (0.92-1.32)  (0.9-1.8)%¢  (1.07-2.04)2=  (1.28-2,15)3ked
Ct.Th 0.96 —0.210* —1.98 0.94 1.10 1.00 0.93 0.92 0.90 0.91
(mm) (0.85-1.09) (0.88-1.06) (0.94-1.25) (0.88-1.29) (0.84-1.08) (0.76-1.29) (0.77-0.98) (0.74-1.00)
Ct.Ar 66.6 —-0.129 -1.20 64.1 72.9 67.6 65.4 64.8 65.1 63.0
(mmz) (59.3-76.7) (58.4-70.2) (63.9-77.4) (62.5-82.0) (59.4-78.0) (57.4-87.4) (55.4-68.7) (48.5-68.9)
Ct.Pm 76.1 0.345** 1.06 74.5 72.4 75.1 76.5 78.9 78.5 76.8
(mm) (72.3-79.0) (71.1-76.9) (71.1-76.5) (71.3-77.9) (73.6-80.2) (74.0-81.8) (75.7-81.5) (73.2-79.0)
Ec.Pm 71.6 0.357** 1.28 70.5 67.3 71.0 72.2 75.4 74.7 73.0
(mm) (66.8-75.1) (66.4-72.6) (65.4-71.5) (66.8-73.1) (69.9-75.9) (67.4-78.1) (71.7-77.6) (68.5-75.0)

Tb.vBMD: trabecular volumetric bone mineral density, Tb.BV/TV: bone volume fraction, Tb.Th: trabecular thickness, Tb.N: trabecular number, Tb.Sp: trabecular
separation, SMI: structure model index, Conn.D: connectivity density, DA: Degree of anisotropy, V*ms: star volume of marrow space, Ct.vBMD: cortical volumetric
bone mineral density, Ct.Po: cortical porosity, Ct.Th: cortical thickness, Ct.Ar: cortical area, Ct.Pm: periosteal perimeter, Ec.Pm: endocortical perimeter.

Data are presented as median (interquartile range).
Spearman's rank-correlation coefficient with age, *: p<0.01, **: p<0.001 (bold).

Multiple comparison test with Bonferroni's correction, a: p < 0.01 compared to 20’, b: 30', c: 40/, d: 50/, e: 60/, f: 70/, underline: p < 0.001 (bold).

between Japanese and Chinese persons in East Asia. Whittier et al.
investigated bone microstructure in adult Canadian men and women
using second-generation HR-pQCT, and they reported that Tb.vBMD,
Tb.N, and Tb.Th decreased with age, Tb.Sp increased, Ct.vBMD and Ct.
Th decreased, and Ct.Po increased in men [19]. This means that, even if
there is a certain degree of difference among races in terms of physiques,
genetic factors, nutrition, and daylight hours, the age-related changes in
bone microstructure have something in common.

4.3. Relationships between DXA and HR-pQCT parameters

Stronger correlations between DXA at the proximal femur and HR-
pQCT at the distal tibia may be because both of them are weight-
bearing bones of the legs. Another possible cause is that the lumbar
spine may not have been accurately evaluated in some of the cases
because of the effects of degenerative changes. In order to attempt to
reduce the effects of degenerative changes on DXA at the lumbar spine,
vertebral bodies with obvious higher aBMD due to osteophytes, scoli-
osis, and so on were excluded, but it was impossible to exclude them
completely. Amstrup et al. compared DXA and HR-pQCT parameters in
postmenopausal women and found that aBMD of the proximal femur
was more strongly correlated with HR-pQCT parameters than aBMD of
the lumbar spine, similar to the present study [45].
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On the other hand, Ct.Po, which had the greatest age-related change
among all HR-pQCT parameters in the present study, had no correlation
with DXA parameters, meaning that osteoporosis and fracture risk
caused by Ct.Po may be overlooked in standard clinical medicine.

4.4. Relationships between biochemical markers and HR-pQCT
parameters

Chaitou et al. examined the relationship between bone turnover
markers and bone microstructure measured with first-generation HR-
pQCT, and, similar to the present study, they found that CTX, osteo-
calcin (OC), and P1NP were negatively correlated with Ct.vBMD [14].
Increased bone resorption creates cortical porosity, and increased bone
formation produces low calcified bone tissue; thus, both of them are
thought to decrease Ct.vBMD.

Boyd et al. reported that correlations between serum 25(0H) vitamin
D and HR-pQCT parameters were not strong [46], and the present study
found the same. There were no reports analyzing the relationship be-
tween pentosidine and HR-pQCT parameters.

4.5. Limitations

There were several limitations in this study. First, the research
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Table 3

Measurement values of HR-pQCT parameters at the distal tibia and their correlations with age, change (%) over 10 years, and comparisons among generations.

Distal tibia

Total

Correlation with
age

Change (%) in 10
years

Age (20-29y)

(30-39y)

(40-49 y)

(50-59 y)

(60-69 y)

(70-79 y)

(>80y)

Trabecular bone

Tb.vBMD (mg HA/
cm®)

Tb.BV/TV (%)

Tb.Th (pm)
Tb.N (/mm)

Tb.Sp (pm)
SMI

Conn.D (/mmg)
DA

V*ms (mm3)

Cortical bone

Ct.vBMD (mg HA/
crn3)

Ct.Po (%)

Ct.Th (mm)
Ct.Ar (mm?)

Ct.Pm (mm)
Ec.Pm (mm)

162 (131-191)

26.7
(22.2-30.0)
234 (214-248)
1.34
(1.21-1.47)
532 (438-593)
1.36
(1.14-1.62)
3.78
(3.00-4.54)
2.00
(1.91-2.09)
5.83
(2.75-8.77)

924 (886-951)

1.63
(1.27-2.13)
1.36
(1.21-1.54)
135 (120-153)
105 (101-109)
98.8
(95.1-104)

—0.351**

—0.384**

—0.183*
—0.331**

0.414**
0.237*

—0.148

—0.307**

0.381**

—0.516**

0.623**

—0.402%*

—0.427**

0.040
0.155

—4.05

—4.05

—-1.06
—-2.31

4.07
3.26

-2.38

-1.05

10.59

~1.44

12.93

—4.26

—-3.86

0.16
0.52

202 (180-218)

32.3
(29.5-35.1)
246 (229-254)
1.49
(1.42-1.58)
417 (386-470)
1.10
(0.78-1.18)
3.90
(3.46-4.82)
2.06
(1.96-2.12)
3.31
(2.69-4.14)

951 (933-963)

1.10
(0.87-1.38)
1.53
(1.28-1.62)
151 (128-156)
103 (101-107)
(94.9-101)

169 (144-192)

26.9
(24.6-29.6)*
241 (233-257)
1.29
(1.19-1.43)*
538 (443-585)
1.38
(1.14-1.68)*
3.24(2.54-4.19)

2.10(1.97-2.15)

6.47 (3.86-8.89)

942 (917-982)
1.54(1.18-1.74)
1.44(1.35-1.76)
141 (127-165)

104 (99.7-107)
97.9 (92.4-101)

141 (116-169)?

23.7
(20.3-28.4)2
218 (207-231) @
1.34 (1.24-1.49)

538 (450-597)*
1.62
(1.40-1.76)
4.14 (3.20-4.60)
1.97 (1.90-2.09)

6.57
(4.30-10.7)*

937 (921-969)
1.47 (1.18-1.70)
1.40 (1.26-1.52)
137 (128-156)

104 (100-112)
98.2 (94.2-108)

162 (135-191)
26.6(22.6-31.2)

232 (215-246)
1.38(1.30-1.51)

478 (436-536)
1.33
(1.18-1.57)*
3.99(3.48-5.45)
1.99(1.87-2.05)

4.71(3.91-7.58)

903 (870-947)
1.62(1.37-2.17)
1.32(1.25-1.39)
132 (119-142)

106 (99.8-111)
100 (95.1-106)

157 (128-173)2

25.3
(21.3-28.1)2
233 (202-247)
1.25
(1.18-1.38)2
557 (497-629)*
1.33
(1.17-1.56)*
3.64 (3.00-4.82)

1.98 (1.93-2.05)

5.92 (5.33-8.68)

907 (861-943)*

1.86
(1.50-2.53)2
1.32 (1.09-1.46)

123 (111-143)
105 (100—110)
101 (94.7-106)

160 (119-186)2
25.8 (19.4-29.2)2

235 (205-248)
1.26 (1.14-1.35)2

561 (512-652)
1.41 (1.14-1.69)2

3.41 (2.75-3.92)
1.95 (1.88-2.06)

7.78 (5.03-14.8)2

909 (872-921)*

2.23
(1.82-2.80)2bed
1.26 (1.09-1.40)*

121 (108-137)*
104 (102-107)
99.6 (97.5-102)

146 (125-166)2
23.7 (20.9-26.8)?

231 (203-258)
1.20 (1.12-1.31)2

583 (555-652)
1.44 (1.27-1.68)*

3.14 (2.35-4.27)
1.97 (1.84-2.05)

8.67 (6.60-10.3)

863 (832-904)2k¢

2.42
(1.84-2.80)2bed
1.14 (1.00-1.41)°

111 (102—132)®
104 (100-110)
99.7 (95.4-106)

Tb.vBMD: trabecular volumetric bone mineral density, Tb.BV/TV: bone volume fraction, Tb.Th: trabecular thickness, Tb.N: trabecular number, Tb.Sp: trabecular separation, SMI: structure model index, Conn.D: con-
nectivity density, DA: Degree of anisotropy, V*ms: star volume of marrow space, Ct.vBMD: cortical volumetric bone mineral density, Ct.Po: cortical porosity, Ct.Th: cortical thickness, Ct.Ar: cortical area, Ct.Pm: periosteal
perimeter, Ec.Pm: endocortical perimeter.

Data are presented as median (interquartile range).

Spearman's rank-correlation coefficient with age, *: p<0.01, **: p<0.001 (bold).

Multiple comparison test with Bonferroni's correction, a: p < 0.01 compared to 20/, b: 30/, c: 40’, d: 50/, e: 60’, f: 70’, underline: p < 0.001 (bold).
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Fig. 6. Change rates over 10 years of trabecular and cortical bone microstructural parameters.

Partial correlation coefficients between DXA and HR-pQCT parameters adjusted
by age, height, and weight.

Distal radius Total hip Femoral neck Lumbar spine
Trabecular
Tb.vBMD 0.423** 0.419** 0.259*
Tb.BV/TV 0.390** 0.360** 0.213
Tb.Th 0.266* 0.296* 0.180
Tb.N 0.255* 0.153 0.108
Tb.Sp —0.315** —0.225 —0.155
SMI —0.390** —0.394** —0.233*
Conn.D 0.262* 0.171 0.131
DA 0.310%* 0.297* 0.245*
V*ms —0.294* —0.239*% —0.157
Cortical
Ct.vBMD 0.116 0.129 0.170
Ct.Po 0.109 0.143 0.055
Ct.Th 0.193 0.191 0.177
Ct.Ar 0.203 0.215 0.233*
Ct.Pm —0.057 —0.024 0.057
Ec.Pm —0.089 —0.055 0.027
Distal tibia Total hip Femoral neck Lumbar spine
Trabecular
Tb.vBMD 0.480**
Tb.BV/TV 0.460%*
Tb.Th 0.351%*
Tb.N 0.276*
Tb.Sp —0.345**
SMI —0.323**
Conn.D 0.033
DA —0.035
V*ms —0.299*
Cortical
Ct.vBMD 0.366** 0.362** 0.297*
Ct.Po —0.232* —-0.166 -0.114
Ct.Th 0.562** 0.554** 0.350%*
Ct.Ar 0.609** 0.610** 0.412%*
Ct.Pm 0.012 0.034 0.088
Ec.Pm —0.092 —0.061 0.030

Tb.vBMD: trabecular volumetric bone mineral density, Tb.BV/TV: bone volume
fraction, Tb.Th: trabecular thickness, Tb.N: trabecular number, Tb.Sp: trabec-
ular separation, SMI: structure model index, Conn.D: connectivity density, DA:
Degree of anisotropy, V*ms: star volume of marrow space, Ct.vBMD: cortical
volumetric bone mineral density, Ct.Po: cortical porosity, Ct.Th: cortical thick-
ness, Ct.Ar: cortical area, Ct.Pm: periosteal perimeter, Ec.Pm: endocortical
perimeter.

Partial correlation coefficients adjusted by age, height, and weight, * p<0.01, **
p<0.001 (bold).
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participants were all men, and the characteristics of age-related changes
in bone microstructure in men were not compared to those in women. In
addition, all subjects were racially Japanese, and differences due to race
were not investigated. Moreover, although the ages of study participants
were widespread and evenly distributed, the overall number of partici-
pants was small, and a large-scale study is desired in the future. This was
also a cross-sectional study, and so it is not known whether these are
truly age-related changes. A longitudinal study is planned for the future.
Although a semi-automatic technique was used to make reproducible
measurements of bone microstructure, the true endocortical surface
cannot be determined accurately, and there is a possibility that cortical
bone parameters were over or underestimated. Finite element analysis
was not performed to estimate bone strength, such as stiffness and
failure load. Blood sampling time was not taken into account; of the
measured items, 25(0OH) vitamin D might be affected by diet and season.
Finally, levels of sex hormones, such as androgen and estrogen, were not
examined in the blood tests.

5. Conclusions

Age-related changes in bone microstructure, aBMD, and biochemical
markers were investigated cross-sectionally in men. Decreased Tb.vBMD
with decreased Tb.N and cavitation of trabecular structure (increased
Tb.Sp and V*ms) were seen in trabecular bone, and decreased Ct.vBMD
with increased Ct.Po were seen in cortical bone. In particular, Ct.Po was
the most strongly correlated with age of all the parameters. aBMD in the
proximal femur and P1NP were lower and pentosidine was higher with
age, whereas no age-related changes were seen in aBMD of the lumbar
spine, TRACP-5b, and 25(0OH) vitamin D levels.

For the relationships between DXA and HR-pQCT, stronger correla-
tions were seen between aBMD of the proximal femur and bone micro-
structure of the tibia, whereas no DXA parameters had correlations with
Ct.Po. For the relationships between blood biochemical markers and HR-
pQCT, correlations were seen between elevations of bone turnover
markers and decreased Ct.vBMD, but other than that, TRACP-5b, PINP,
25(0H) vitamin D, and pentosidine were not obviously correlated with
bone microstructure.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bone.2021.116252.
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Table 5
Partial correlation coefficients between biochemical markers and HR-pQCT
parameters adjusted by age, height, and weight.

Distal radius TRACP-5b Total PINP 25(0H) vitamin D Pentosidine
Trabecular
Tb.vBMD 0.026 0.037 —0.070 0.184
Tb.BV/TV 0.049 0.070 —0.038 0.151
Tb.Th 0.062 0.101 —0.052 0.159
Tb.N —0.023 —-0.102 0.020 0.027
Tb.Sp 0.014 0.066 0.014 —-0.073
SMI —0.090 —0.188 0.058 —0.152
Conn.D 0.032 —0.045 0.057 0.011
DA 0.083 0.077 -0.132 0.097
V*ms 0.064 0.025 0.097 0.030
Cortical
Ct.vBMD —0.237* —0.347%* -0.122 0.112
Ct.Po 0.095 0.231* 0.246* 0.089
Ct.Th —0.142 —0.124 —0.069 0.119
Ct.Ar —0.100 —-0.074 0.013 0.140
Ct.Pm 0.155 0.164 0.236* 0.023
Ec.Pm 0.188 0.183 0.233* 0.014
Distal tibia TRACP-5b Total PINP 25(0OH)D Pentosidine
Trabecular
Tb.vBMD 0.051 0.157 —0.080 0.233*
Tb.BV/TV 0.077 0.159 —0.079 0.220
Tb.Th 0.068 0.196 -0.113 0.244*
Tb.N 0.027 —0.003 —0.006 0.045
Tb.Sp —0.043 —0.057 0.034 —0.099
SMI —0.084 —0.158 0.059 -0.125
Conn.D 0.062 —0.074 0.044 —0.024
DA —-0.105 —0.098 —0.228* 0.123
V*ms —0.031 —0.024 0.034 —0.139
Cortical
Ct.vBMD —0.308** —0.281* —0.153 0.160
Ct.Po 0.181 0.112 0.013 0.137
Ct.Th -0.166 —0.149 -0.111 0.132
Ct.Ar -0.129 —0.093 —0.022 0.178
Ct.Pm 0.125 0.161 0.244* 0.098
Ec.Pm 0.171 0.185 0.232* 0.080

Tb.vBMD: trabecular volumetric bone mineral density, Tb.BV/TV: bone volume
fraction, Tb.Th: trabecular thickness, Tb.N: trabecular number, Tb.Sp: trabec-
ular separation, SMI: structure model index, Conn.D: connectivity density, DA:
Degree of anisotropy, V*ms: star volume of marrow space, Ct.vBMD: cortical
volumetric bone mineral density, Ct.Po: cortical porosity, Ct.Th: cortical thick-
ness, Ct.Ar: cortical area, Ct.Pm: periosteal perimeter, Ec.Pm: endocortical
perimeter, TRACP-5b: tartrate-resistant acid phosphatase 5b, total PINP: pro-
collagen type 1 N-terminal propeptide, 25(OH) vitamin D: 25-hydroxyvitamin
D.

Partial correlation coefficients adjusted by age, height, and weight, * p<0.01, **
p<0.001 (bold).
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