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Abstract

Summary Perfusion of the pelvic bone marrow is reduced in the postmenopausal group and with age. Quantitative dynamic
contrast-enhanced MRI could reflect the blood supply characteristics and hemodynamic changes of the pelvic bone marrow.
These results contribute to the description of osteoporosis in the postmenopausal females and the elderly.

Introduction To investigate the effect of menstrual status and age on the perfusion of pelvic bone marrow in adult females using
quantitative dynamic contrast-enhanced MRI (DCE-MRI).

Methods In total, 96 adult females who underwent DCE-MRI between September 2017 and December 2017 were included. All
the subjects’ quantitative DCE-MRI parameters of pelvic bone marrow were measured and retrospectively analyzed, including
K"™" (volume transfer constant), K., (efflux rate constant), and V; (interstitial volume). According to their menstrual status, the
subjects were divided into a premenopausal group (z = 39) and a postmenopausal group (n = 57), and the two groups were then
divided into four subgroups according to age. The intraobserver reliability was assessed by the intraclass correlation coefficient
(ICC). The parameters were compared between different menstrual status groups and age subgroups by Mann-Whitney test, and
Spearman correlation analysis was used to evaluate the correlation between the age and the quantitative parameters.

Results The ICCs of the K™, K.p, and V, values were 0.989, 0.974, and 0.920, respectively. Kmns K.p, and V, of the premen-
opausal group were significantly higher than those of the postmenopausal group (P <0.05). The overall age was negatively
correlated with K™, Kep, and V, (r=—0.590, — 0.357, and — 0.381, respectively, P < 0.05). In the premenopausal group, Ktns
and V, were significantly higher in subgroup 1 (<40 years) compared with subgroup 2 (>40 years) (P < 0.05), and age showed a
negative correlation with K™ and V, (»=—0.344 and — 0.334, respectively, P < 0.05). In the postmenopausal group, K"™" and
K., were significantly higher in subgroup 3 (<60 years) compared with subgroup 4 (> 60 years) (P < 0.05), and age showed a
negative correlation with K™ and K, (»=—0.460 and —0.303, respectively, P <0.05).

Conclusion Menstrual status and age have significant effects on the perfusion of the pelvic bone marrow microenvironment in
adult females and that the microenvironment of the pelvic bone marrow displays different changes at different age stages.
Quantitative DCE-MRI has contributed to the interpretation of the pelvic bone marrow perfusion status.

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00198-019-05145-w) contains supplementary
material, which is available to authorized users.
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Introduction

The bone marrow microenvironment mainly consists of bone
marrow stroma, microvessels, bone-forming osteoblasts, bone-
degrading osteoclasts, adipocytes, hematopoietic cells, and re-
lated cytokines and is an important site for bone development
and remodeling [1]. Bone marrow is a dynamic organ with
continued changes occurring with increased age and increased
hematopoietic needs in different environmental and health
states; pathologies such as osteoporosis, tumors, and metastases
are expected to change the hemodynamics in bone marrow and
show different perfusion patterns than healthy bone marrow, so
assessment of the age-associated bone marrow changes as well
as changes accompanying different variations of the subject’s
health state is very important [2]. Dynamic contrast-enhanced
MRI (DCE-MRI) has proven to be an effective and noninvasive
method for the evaluation of in vivo blood perfusion of bone,
marrow, and tumors [3]. The semiquantitative and quantitative
parameters obtained by image postprocessing can reflect the
changes in the bone marrow microenvironment.

Prior studies mainly used semiquantitative techniques with
a focus on lumbar vertebral bodies to assess factors affecting
bone marrow perfusion and showed that the semiquantitative
parameters declined with decreasing bone density and increas-
ing age and marrow fat content [3—6]. Nonetheless, semiquan-
titative DCE-MRI is influenced more by individual hemody-
namic fluctuations, measurement settings, and MR imaging
protocols, and its hemodynamic parameters lack a clear inter-
pretation related to the underlying physiology [7-9]. The
quantitative DCE-MRI analysis approach, which is based on
a pharmacokinetic model, can resolve these problems and
establish a direct relationship with hemodynamic parameters
and quantify the change in bone marrow perfusion in different
pathologies [10—12]. Zhu J et al. reported that the quantitative
parameter K™ was more accurate in response to changes in
bone marrow perfusion than semiquantitative parameters [9].

The study aimed to (a) investigate the effects of menstrual
status and age on perfusion of pelvic bone marrow in adult
females using quantitative DCE-MRI, (b) further understand
the DCE-MRI characteristics of the pelvic bone marrow in
adult females, and (c) improve the ability to evaluate pelvic
bone marrow microcirculation changes.

Methods
Research subjects

Our institutional ethics committee approved the study and
granted a waiver of the requirement to obtain informed
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consent. A retrospective review was performed on all adult
females (age > 18) who underwent pelvic dynamic contrast-
enhanced MR imaging for cervical cancer screening in our
hospital between September 2017 and December 2017.
Inclusion criteria were exclusion of bone marrow—related dis-
eases through clinical and imaging information, previous pel-
vic surgery or chemoradiotherapy, absence of any known he-
matological disease, lack of estrogen therapy, and a normal
full blood count. An exclusion criterion was a lack of satisfac-
tory arterial input function (AIF) curves for image
postprocessing. First, a total 107 adult females were included,
and 11 subjects were excluded because an accurate AIF curve
was not obtained. Finally, 96 subjects were incorporated into
the study (mean age, 51.3 £ 9.1 years; age range, 31-70 years),
51 subjects of whom were eventually diagnosed as normal, 20
subjects were diagnosed as having cervical cysts, and 25 sub-
jects were diagnosed with cervical intraepithelial neoplasia
according to their clinical and imaging findings.

According to their menstrual status, the subjects were divided
into a premenopausal group (n = 39; mean age, 42.5 + 5.4 years;
age range, 31-53 years) and a postmenopausal group (n =57,
mean age, 57.2 £5.6 years; age range, 47-70 years). The pre-
menopausal group was then divided into subgroup 1 (<40 years,
n=17) and subgroup 2 (> 40 years, n =22). The postmenopaus-
al group was also divided into subgroup 3 (<60 years, n=39)
and subgroup 4 (> 60 years, n=18).

MR examination

All MR examinations were performed using a 3.0-T unit
(Magnetom Trio; Siemens Medical Solutions, Germany) with
an 8-channel-phased array coil and respiratory gating technol-
ogy. Before the examination, subjects were recommended to
drink water to fill the bladder to a moderate degree and rest 15
to 30 min. Patients were in the supine position. The MR scan
covered the ilium to the upper edge of the pubic symphysis.
The following precontrast MRI scans were performed before
the injection of a gadopentetate dimeglumine: axial fast spin-
echo T1-weighted imaging, axial fat suppression fast spin-
echo T2-weighted imaging, and sagittal fast spin-echo T2-
weighted imaging.

Before contrast agent injection, two separate acquisitions
using a fat suppression three-dimensional volumetric interpo-
lated breath-hold examination (3D VIBE) sequence with flip
angles of 2° and 15° were acquired to obtain the baseline T1
value. When the third phase acquisition was started, a
gadopentetate dimeglumine (Omniscan; GE Healthcare, Co.,
Cork, Ireland) was administered at a dose of 0.2 mL/kgup to a
maximum of 20 mL via a power injector (Spectris Solaris EP;
Medrad, Indianola, America) at a rate of 2 mL/s followed by
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Table1 MR imaging parameters

Sequence Imaging TR(ms)/TE  Section thickness ~ Gap Field of view ~ Number of Flip angle
plane (ms) (mm) (mm) (mm) excites (°)

FSE T1-weighted Axial 514/11 5 2 512 x 640 2 -

FS FSE T2-weighted Axial 3000/106 5 2 294 x 448 2 —

FSE T2-weighted Sagittal 3800/116 4 0.8 396 x 448 2 -

FS 3D-VIBE T1-weighted Axial 5.21/1.76 4 0 192 x192 1 2°and 15°

FS dynamic contrast-enhanced 3D-VIBE =~ Axial 5.21/1.76 4 0 192 x 192 1 15°

T1-weighted

FSE fast spin echo, FS fat suppression, 3D-VIBE three-dimensional volumetric interpolated breath-hold examination, 7R repetition time, 7FE echo time

20 mL of normal saline to flush the tubing. The axial fat
suppression dynamic contrast-enhanced 3D VIBE TI-
weighted imaging was then performed with a 15° flip angle,
and 480 slices of 30 phases were obtained with a temporal
resolution of 10 s over a total acquisition time of 5 min and 4 s.
A summary of the MRI parameters is presented in Table 1.

Image postprocessing

The postprocessing process was performed by two radiolo-
gists (X.Z. and H.P., with 4 and 3 years of experience in
musculoskeletal imaging, respectively). Omni-Kinetics soft-
ware (GE Healthcare) was used for offline postprocessing of
the DCE-MRI data on the basis of the Extended Tofts Linear
model [13], importing the 2° and 15° flip angle data in order
primarily. The right or left external iliac artery was selected to
obtain the AIF curve on an acetabular level. Two regions of
interest (ROI) were then delineated manually on the bilateral
acetabulum as largely as possible, avoiding the cortical bone
and blood vessels. ROIs were delineated bilaterally on the
ilium level above the femoral head and the ischium level be-
low the femoral head using the same method after the AIF
curve was obtained at each level (Fig. la-c). Three quantita-
tive DCE-MRI parameters, namely, the volume transfer con-
stant (K", in this case, between the blood plasma and extra-
vascular extracellular space, fully determined by plasma flow
and the permeability-surface area product), interstitium-to-
plasma rate constant (K., affected by vascular permeability),

and the extravascular-extracellular volume fraction (V) [11],
are calculated by AIF according to the following equations
and generate the corresponding K"™"-, Kep-, and V,-maps:

K™ =V, x Kep
Ci(t) = Vo x Ce(t) + Vp x Cy(1)
— K"S[0Co(1)e K dr 4V, x C, (1)

where C,, C,, and C, are the concentration of contrast agent in
the tissue (sum of extravascular-extracellular space and plas-
ma), extravascular-extracellular space, and plasma, respec-
tively, and V,, is the fractional plasma volume per unit of tissue
volume. The average values of quantitative DCE-MRI param-
eters of the two ROIs in each plane were calculated and re-
corded, and the quantitative DCE-MRI parameters of the three
planes were averaged for further analysis.

Statistical analysis

The Kolmogorov-Smirnov test was used to examine whether
the data followed a normal distribution. The descriptive sta-
tistics of all the quantitative DCE-MRI parameters were
expressed as the median and interquartile range. The agree-
ment between two radiologists was assessed by the interclass
correlation coefficient (ICC), and an ICC >0.75 was consid-
ered a demonstration of good consistency. The Mann-
Whitney test was used to compare the differences in the

Fig. 1 The delineation of regions of interest on the ilium level above the femoral head (a), acetabulum level (b), and the ischium level below the femoral
head (¢)
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Table 2 Comparison of

quantitative parameters between Parameters Premenopausal group (n=39) Postmenopausal group (n =57) Z value P value

the premenopausal group and

postmenopausal group K™ (min") 0.301 (0.165, 0.489) 0.100 (0.043, 0.219) —4.532 <0.001
Kep (min~") 1.422 (0.927, 1.772) 0.949 (0.484, 1.339) —2.846 0.004
Ve 0.179 (0.100, 0.271) 0.095 (0.057, 0.160) —-3.189 0.001

quantitative DCE-MRI parameters between the premenopaus-
al group and postmenopausal group, as well as the differences
in the parameters between the different age subgroups in the
premenopausal group and postmenopausal group. Spearman
correlation analysis was used to calculate the correlation be-
tween the overall age and the quantitative DCE-MRI param-
eters, as well as the correlation between the age and the pa-
rameters in the premenopausal group and postmenopausal
group. All statistical analyses were performed with SPSS
17.0 software (SPSS Inc., Chicago, IL, USA). A P value less
than 0.05 was considered statistically significant.

Results

All the measurement parameters were consistent between the
two radiologists. The ICCs (95% CI) of the K™, K, Kep, and V,
values were 0.989 (0.981-0.944), 0.974 (0.953-0.985), and
0.920 (0.862—-0.954), respectively. The measurement results
derived from the senior radiologist were selected for subse-
quent statistical analysis.

The K™, K, and V, values of subjects’ pelvic bone mar-
row in the premenopausal group were all higher than those in
the postmenopausal group (P values for K™, K, and V,
were <0.001, 0.004, and 0.001, respectively) (Table 2,
Fig. 2a-c). The overall age was negatively correlated with

P<0.001 (b)
2] Premenopausal group

Postmenopausal group

P=0.001
‘

=

. P=0.004

©

e
-

Kep value (mln )
»

o
N

Ktrans value (lnln")

i

%

o
°

P=0.1 oaof:J Postmenopausal group

K™ (r=-0.590, P<0.001), K¢, (r=—0.357, P<0.001),
and V, (r=—0.381, P<0.001) (Fig. 2d-f).

In the premenopausal group, the K" and V, values were
significantly higher in subgroup 1 compared with subgroup 2
(P values for K™ and V, were 0.034 and 0.009, respectively),
and the K, values were not significantly different between the
two subgroups (P> 0.05) (Table 3, Fig. 3a-d). Age was neg-
atively correlated with K™ (r=—0.344, P=0.032) and V,
(r=—0.334, P=0.038) (Fig. 3e, f), and there was no statisti-
cally significant correlation between age and K, (P> 0.05).

In the postmenopausal group, the K™ and K., values
were significantly higher in subgroup 3 compared with sub-
group 4 (P values for the K™ and K, values were 0.022 and
0.039, respectively), and the V, values were not significantly
different between the two subgroups (P> 0.05) (Table 4,
Fig. 4a-d). Age was negatively correlated with K™ (r=—
0.460, P<0.001) and K, (r=—10.303, P=0.022) (Fig. 4e, 1),
and there was no statistically significant correlation between
age and V, (P> 0.05).

Discussion
The DCE-MRI images can be obtained by different se-

quences, with or without fat suppression. Accurate fat sup-
pression would be helpful or might be necessary when
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Fig. 2 a Box plot shows the difference in K" between the
premenopausal and postmenopausal groups. b Box plot shows the
difference in K, between the premenopausal and postmenopausal
groups. ¢ Box plot shows the difference in V, between the
premenopausal and postmenopausal groups. d Scatter diagram shows
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the negative correlation between K™ and age (+=—0.590, P<0.001).
e Scatter diagram shows the negative correlation between K., and age
(r=—0.357, P<0.001). f Scatter diagram shows the negative correlation
between V, and age (r=—10.381, P<0.001)
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Table 3 Comparison of

quantitative parameters between Parameters Subgroup 1 (<40 years, n=17)  Subgroup 2 (>40 years, n=22)  Zvalue P value

age subgroups of the _

premenopausal group 1{‘““15 (mlnﬁl) 0.403 (0286, 0497) 0.207 (0107, 0388) —-2.124 0.034
Kep (min™") 1.204 (0.965, 1.761) 1.428 (0.818, 1.783) -0.227  0.821
Ve 0.261 (0.163, 0.395) 0.118 (0.092, 0.193) —2.606  0.009

quantitative pharmacokinetic modeling or semiquantitative
analysis is needed [14], and this study used the VIBE se-
quence in the DCE-MRI scanning. All the measurement pa-
rameters were consistent between the two radiologists, indi-
cating that the parameter’s measurement of the DCE-MRI had
a very high reliability in this study.

Osteoporosis is a significant public health problem that is
most commonly reported among postmenopausal women and
the elderly. The pathophysiology of osteoporosis includes hor-
monal, microenvironmental, and genetic determinants that
have been associated with a misbalance between bone forma-
tion and resorption [9]. The quantitative DCE-MRI analysis
approach based on a pharmacokinetic model is a useful meth-
od of assessing tissue perfusion and has been used to evaluate
the perfusion of bone marrow in recent years [8—12]. The
results of the study showed that the perfusion, vascular per-
meability, and extravascular extracellular space volume of the
pelvic bone marrow all decreased in the postmenopausal
group. Wang et al. [6] and Zhu et al. [15] found similar results
showing that bilateral oophorectomy led to a significant de-
crease in bone marrow perfusion in animal models. One pos-
sible reason is that the decline of estrogen in postmenopausal
women would lead to an imbalance between the vasoconstric-
tor endothelin-1 and the vasodilator nitric oxide (NO) [16].

Fig.3 K" map of the acetabulum level in a 30-year-old female (a) and
the time-signal intensity curve within the region of interest in the acetab-
ulum level (b). K™ map of the acetabulum level in a 45-year-old female
(c) and the time-signal intensity curve within the region of interest on the

Prior studies showed that estrogen could enhance the expres-
sion of NO synthase by binding to estrogen receptors, increas-
ing the synthesis and release of NO, and inhibiting the pro-
duction of endothelin-1 [5, 15, 17]. NO is known as the “en-
dothelium-derived relaxing factor,” resulting in vasodilatation
and increased blood flow. Endothelin-1 can enhance vasocon-
striction and tighten gaps among vascular endothelial cells.
Eventually, the imbalance between endothelin-1 and NO
might induce endothelial dysfunction, resulting in decreased
K™ and K, There is also a close relationship between the
reduction of postmenopausal bone marrow perfusion and the
reduction of red bone marrow. A preliminary positron emis-
sion tomographic study indicated that the metabolic activity of
erythropoietic marrow was up to six times greater than that of
fatty marrow [18]. Chen WT et al. [3] and Wang et al. [6] also
considered that the regular associated blood loss from men-
struation might stimulate erythropoietin secretion, activating
the hematopoietic marrow and promoting red marrow perfu-
sion. Furthermore, estrogen also mediates the differentiation
of mesenchymal stem cells, and a lack of estrogen leads to
mesenchymal stem cell differentiation switching more toward
adipocytosis rather than osteoblastogenesis [19]. The de-
creased pelvic bone marrow perfusion might trigger decreased
bone marrow density because of ischemia and hypoxia, which
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acetabulum level (d). Scatter diagram shows the negative correlation
between K™ and the age of the premenopausal group (r=—0.344,
P=0.032) (e). Scatter diagram shows the negative correlation between
V. and the age of the premenopausal group (r=—0.334, P=0.038) (f)
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Table 4 Comparison of

quantitative parameters between Parameters Subgroup 3 (<60 years, n=39)  Subgroup 4 (>60 years,n=18)  Zvalue P value

age subgroups of the

postmenopausal group K™ (min")  0.136 (0.055, 0.223) 0.054 (0.028, 0.146) —2283  0.022
Kep (min™") 1.056 (0.516, 1.453) 0.621 (0.289, 1.166) —2.060  0.039
Ve 0.095 (0.059, 0.163) 0.099 (0.038, 0.169) -0343  0.731

finally leads to the reduction of the bone volume fraction and
trabecular separation enlargement [15]. Simultaneously, accu-
mulative marrow adipose tissue might occupy the
extravascular-extracellular space between the trabecular bone
and further press the microvascular bed to reduce V, and K*™"
[15]. The adipokines and free fatty acids released by fat cells
could also directly or indirectly interfere with bone remodel-
ing or hematopoietic cells, resulting in lower bone marrow
perfusion and leading to postmenopausal women at high risk
of osteoporosis [20-24].

It is well-known that healthy bone marrow changes with
age. Our results confirm that some parameters of the pelvic
bone marrow perfusion, including K", Kep, and V, decrease
with age. Prior studies evaluating the effects of age on marrow
perfusion focused on lumbar vertebral bodies, primarily using
semiquantitative techniques [3, 10, 25]. It has been shown that
maximum enhancement decreases significantly when compar-
ing subjects older than 50 years to those 50 years old or youn-
ger [3], and a significant negative correlation between maxi-
mum enhancement and age has also been described [25].
Breault et al. [10] further found that both age and the bone
marrow fat fraction were negatively correlated with quantita-
tive parameters K™, K,,, and semiquantitative parameter
(fortified peak) in the population without osteoporosis.

Fig.4 K™ map of the acetabulum level in a 53-year-old female (a) and
the time-signal intensity curve within the region of interest on the acetab-
ulum level (b). K™ map of the acetabulum level in a 65-year-old female
(c) and the time-signal intensity curve within the region of interest on the

@ Springer

This study further evaluated changes in the pelvic bone
marrow microenvironment at different age stages by dividing
the premenopausal and postmenopausal groups into four age
subgroups to avoid the influence of menstrual status. Given
that the subjects enrolled in our study were 31-70 years of age
with a menopausal age close to 50 years, we chose 40 and
60 years as the cutoffs to analyze the variances in quantitative
DCE-MRI parameters for each decade. Age had a significant
effect on K™ and V,, in the premenopausal group. A weak but
statistically significant correlation was established between
age and K™ and V,. This alteration might be explained by
aging. Roldan-Valadez et al. [26] and Baum et al. [27] dem-
onstrated that the age-related conversion of red and yellow
bone marrow begins at 30-39 years in female subjects’ axial
bone. The transformation of red and yellow bone marrow with
increased age leads to a gradual increase in adipose cells in the
bone marrow, and there is increased adipose tissue occupying
the medullary cavity, which causes the decreased K™ and V...
In addition, the venous sinus in the red bone marrow gradually
turns into true capillaries, and the vascular maturity increases,
further resulting in decreased K"™" and K., [28, 29].
However, there was no significant correlation between K.,
and age in the premenopausal group. This might indicate that
the significant decline observed in perfusion as age increases

Age(years)

acetabulum level (d). Scatter diagram shows the negative correlation
between K™ and the age of the postmenopausal group (r=—0.460,
P <0.001) (e). Scatter diagram shows the negative correlation between
K., and the age of the postmenopausal group (r=—0.303, P=0.022) (f)
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might be primarily affected by the conversion of red to yellow
marrow rather than an alteration in the hemodynamics at the
capillary level within the red marrow. On the other hand, K,
as the ratio of K™ to V, was not significantly correlated with
age in the premenopausal group, which might be due to the
reduction of K™ and V, in synchrony.

In the postmenopausal group, the age had a weak but sta-
tistically significant correlation with K™ and K, of pelvic
bone marrow, while the V., had no significant change with age.
The authors suggested that, in addition to aging, arterioscle-
rosis or other age-related factors might affect bone marrow
perfusion and vascular permeability after menopause.
Middle-aged and elderly people are generally considered to
be at high risk of atherosclerosis. Chen et al. found that the
carotid intima-media thickness was inversely correlated with
the vertebral peak enhancement percentage, and it was be-
lieved that with aging, atherosclerosis could cause a decrease
in the diameter of the blood vessel entering the vertebral body,
resulting in decreased vertebral bone marrow perfusion [30].
Another study also showed that bone marrow blood vessel
ossification and calcification drastically progressed as a func-
tion of age in rats and presumably resulted from a transition of
vascular cells to an osteogenic phenotype [31]. The athero-
sclerosis that occurs with aging could finally result in de-
creased K™ and K., of the pelvic bone marrow. Thomas
et al. also found that the fat conversion rate of female bone
marrow increased with age, especially after menopause [27].
Although the increased adipose tissue resulted in a decrease of
interstitial space, there was no significant correlation between
V. and age in the postmenopausal group in this study, which
might be due to the occurrence of osteoporosis. Laroche et al.
noted that arteriosclerosis might affect the intraosseous arteri-
ole in elderly subjects and might be considered a link between
arteriosclerosis and osteoporosis [32]. Zhu et al. indicated that
reduced bone marrow perfusion might have a role in the early
stages of osteoporosis development [15]. The decrease of per-
fusion might change the balance between osteoblast and oste-
oclast activity through local media, resulting in bone loss,
thinning of bone trabeculae, and enlargement of the extravas-
cular extracellular space [33, 34].

There were several limitations in this study. First, the sam-
ple size was small, the number of subjects in different age
groups was unevenly distributed, the age grouping was artifi-
cial, and this study lacked subjects of the age 18 to 29 years.
Second, the effect of the menstrual cycle was not considered,
and the estrogen level was not assessed in the premenopausal
females; therefore, the pathophysiological basis of changes in
the bone marrow microenvironment could not be further stud-
ied. Third, the duration of menopause might have an effect on
osteoporosis, and elderly patients might also have osteoporo-
sis and other influencing factors. Last, the majority of existing
studies of the DCE-MRI have used a 3D GRE sequence, but
we are unaware of any technical limitation of the VIBE

sequence with regard to its use in the DCE-MRI and any direct
comparison between the use of the VIBE and GRE sequences
in the evaluation of bone marrow perfusion.

In conclusion, this study demonstrates that menstrual status
and age have significant effects on the perfusion of the pelvic
bone marrow microenvironment in adult females and that the
microenvironment of the pelvic bone marrow displays differ-
ent changes at different age stages. Quantitative DCE-MRI
parameters are valuable tools for the assessment of blood sup-
ply characteristics and hemodynamic changes in pelvic bone
marrow in adult females.
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