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ARTICLE INFO ABSTRACT

Purpose: To identify the predictors of bone-marrow DWI signals from anthropometric, complete blood count
(CBQ), and C-reactive protein (CRP), and to evaluate the association with fat-content in patients.

Method: This retrospective study was approved by the institutional review board. A total of 113 consecutive
tumor patients underwent whole-body PET/MRI. Apparent diffusion coefficient (ADC) and proton density fat
fraction (PDFF) were measured and averaged in lumbar vertebrae (L3-5) and bilateral ilia. Due to respiratory
motion, ribs were evaluated by 3-point visual scoring on DWI with b = 800 (1: invisible, 2: partially visible, 3:
fully visible). The relationships between ADC/visual scores and anthropometric, CBC, CRP, and PDFF were
examined. In females, the age-dependency was evaluated.

Results: Multi-regression analyses identified age as the strongest predictor of lumbar ADC (standardized coef-
ficient: 3 = 0.45), followed by red cell distribution width (RDW) (f = —0.24), while age was the strongest
predictor of iliac ADC ( = 0.43), followed by hemoglobin (Hb) (f = 0.22). RDW was the strongest predictor
(B = 0.47) for rib visual score and age was the second (f = -0.39). ADC showed significant positive correlations
with PDFF at L3-5 and ilium. Lumbar ADC showed a decreasing trend during middle age in females.
Conclusions: Age, anemia (lower Hb), and increased hematopoietic activity (higher RDW) are the predominant
predictors of ADC and the visibility of red marrow on DWI. Fat-suppression methods and bone-marrow phy-
siology in middle-aged females may have affected the measured correlations between ADC and PDFF incon-
sistent with previous studies.
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1. Introduction to evaluate the fat content of bone marrow in patients with benign and
malignant diseases [7,8].

Diffusion-weighted imaging (DWI) is a quantitative functional Bone marrow '8F-FDG uptake (reflecting glucose metabolism) is

magnetic resonance imaging (MRI) technique complementary to posi-
tron emission tomography (PET) with 2-[*®F]-fluoro-2-deoxy-D-glucose
(*®F-FDG) [1]. Whole-body DWI with apparent diffusion coefficient
(ADC) quantification is currently used for cancer staging and assessing
treatment responses to diseases involving bone marrow [2-4]. Proton
density fat fraction (PDFF) measurements have been used to assess
hepatic steatosis [5,6], and whole-body PDFF imaging is being applied

reported to be associated with age, white blood cell (WBC), serum C-
reactive protein (CRP), and treatment with granulocyte colony-stimu-
lating factor (GCSF) or erythropoietin [9-13]. However, the predictive
factors for bone marrow signals on DWI are mostly unknown and may
have an impact on image interpretation of bone marrow when using
whole-body DWI to assess disease burden and treatment response.
Moreover, it has been reported that fat content in bone marrow may be
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a major contributing factor to restricted diffusion in patients with
myeloma [14].

The objectives of this study were twofold: first, to identify the
predominant predictors for bone marrow signals on DWI from anthro-
pometric and blood-related data including complete blood count (CBC)
and CRP in patients; and second, to evaluate the association of bone
marrow DWI with fat content in patients, and with age in females.

2. Material and methods
2.1. Patient population

We retrospectively reviewed the medical records of all tumor pa-
tients at diagnosis who underwent whole-body PET/MRI in our institute
between February 2017 and October 2017. Patients were eligible for
the study if they fulfilled the following criteria: (1) whole-body DWI
and ADC maps were obtained, (2) CBC and CRP data measured within
one week of the scan were available, and (3) normal renal function was
established. Normal renal function is defined as an estimated glo-
merular filtration rate (eGFR) > 50 ml/min/1.73m?; this condition is
necessary because renal insufficiency is associated with impaired ery-
thropoietic response to anemia. The specific PET tracer used in whole-
body PET/MRI was not considered because the most significant ob-
jective in this study was to identify the predominant predictors for bone
marrow signals on DWI from anthropometric and blood-related data.
Patients were excluded from this study if they had bone metastasis, a
hematological disorder (myeloma, leukemia, myelodysplastic syn-
drome, lymphoma etc.) or a previous history of chemotherapy, radio-
therapy, or use of GCSF.

One hundred and six patients (92 females, 14 males; mean
age = 55.5 * 14.3 years) were identified. The details of patients and
PET/MR scans are shown in Table 1. Since 3 female patients with gy-
necological cancer underwent PET/MR scans with '®F-FDG and
16a-'8F-fluoro-17p-estradiol (*®F-FES), 2 female patients with gyne-
cological cancer underwent pre- and post-operative '®F-FDG PET/MR
scans, and one male patient with lung cancer sequentially underwent 3
PET/MR scans with 3'-deoxy-3’-1SF-ﬂuorothymidine (*8F-FLT), a total
of 113 PET/MR scans (86 with '®F-FDG, 19 with '®F-FES, and 8 with
18E_FLT) were evaluated in the present study. This retrospective study
was approved by the Ethics Committee of our institute, and the re-
quirement to obtain formal written consent was waived.

2.2. Whole-body PET/MRI

2.2.1. PET scan and Dixon-based MR-AC

Patients fasted for at least 4 h prior to an intravenous injection of
200 M Bq '8F-FDG, ®F-FES, or '®F-FLT. Fifty minutes after the injec-
tion, patients were transferred to the whole-body simultaneous 3.0 T

Table 1
Patients and PET/MR scans.

Disease n PET Total PET/MR scans
Gynecological tumor 69 'SF-FDG 69 with '®F-FDG
(n =90, 90F, 55.5 = 14.4y0) 16 '®F-FES 16 with '®F-FES
3 '|FFDG + 3 with *®F-FDG, 3
18E_FES with '®F-FES
2 'BEFDG x 2 4 with '®F-FDG
Lung cancer 5  8EFLT 5 with 'F-FLT
(n=6,5MIF,56.3 + 14.2y0) 1  !SFFLT x 3 3 with 8F-FLT
Rectal cancer 5  '8EFDG 5 with '®F-FDG
(n = 5, 4M1F, 56.0 = 14.3 yo)
Head and neck cancer 5 18E.FDG 5 with '°F-FDG

(n=5,5M, 558 = 14.3 yo)

+

Number of patients, gender (M: male, F: female), and mean age SD are
shown in parentheses.

All PET/MR scans include whole-body DWI and PDFF.
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PET/MR scanner (Signa PET/MR, GE Healthcare, Waukesha, WI, USA).
Scan protocols of PET and Dixon-based MR attenuation correction were
separately described in Supplementary Method 1.

2.2.2. MR sequence parameters

Additional MR sequences were acquired in the axial plane and the
parameters are shown in Supplementary Table 1. DWI was performed
using a single shot echoplanar imaging (EPI) sequence under free
breathing (TR/TE: 5000/61ms; b values: 0, 800 s/mm?% FOV
576 x 345 mm; matrix 128 x 128; slice thickness/overlap: 6/0 mm; 40
image/bed; imaging time: 2 min 305s). A short inversion time inversion
recovery (STIR) pre-pulse was used for fat suppression in whole-body
DWI because of its insensitivity to magnetic field inhomogeneity [15],
and a selective water excitation (spectral-spatial radiofrequency, SSRF)
pre-pulse was used together with STIR to yield higher signal-to-noise
ratio (SNR) in the abdomen and pelvis [16] (Fig. 1A). PDFF quantifi-
cation was performed using an iterative decomposition of water and fat
with echo asymmetry and least-squares estimation quantitation se-
quence (IDEAL-IQ) (a quantitative chemical shift-based water-fat se-
paration method with a multiecho gradient echo [17]; TR/TEs: 7.1/
0.9 — 5.3ms, 6 echoes; FOV 500 x 300 mm; matrix 256 X 192; slice
thickness/overlap: 6/0 mm; 34 image/bed; imaging time: 20s), T1-
weighted imaging was performed using a liver acquisition with volume
acquisition (LAVA-Flex) sequence (3D spoiled gradient echo; TR/TE1/
TE2: 4.4/1.3/2.2ms; FOV 500 X 400 mm; matrix 300 X 200; slice
thickness/overlap: 4/2 mm; 120 image/slab; imaging time: 13s), and
T2-weighted imaging was performed using a single shot fast spin echo
(SSFSE) sequence (TR/TE: 1600/80 ms; FOV 500 X 300 mm; matrix
384 x 256; slice thickness/overlap: 6/0 mm; 40 image/bed; imaging
time: 1 min 3s). ADC and PDFF maps were generated and used in
subsequent assessments.

2.3. Quantitative image assessment

MR images were transferred to the GE workstation (AW 4.6) and
evaluated with matched spatial registration (Fig. 1B). Circular regions
of interest (ROIs) with a fixed diameter of 20 mm were placed on
lumbar vertebrae (L3-5) and bilateral posterior iliac crests. ADC and
PDFF were measured and averaged in L3-5 and iliac bones by the
agreement of an experienced radiologist and hematologist (TeT and
ToT with 17 and 15 years of experience, respectively). Due to re-
spiratory motion, a 3-point visual scoring on maximum intensity pro-
jection (MIP) image of DWI with b = 800 was used to evaluate the ribs
(Fig. 1C). Score 1 was assigned to images in which ribs were invisible,
score 2 to images in which ribs were partially visible, and score 3 to
images in which ribs were fully visible. The relationships between ADC/
rib visual scores and anthropometric, blood-related data and PDFF were
examined. Anthropometric data included age, height, and weight.
Gender was excluded as a factor due to the predominance of female
patients in this study. Blood-related data evaluated in this study are
shown in Table 2 with the corresponding ranges that are considered
normal in our hospital.

2.4. Statistical analysis

Stepwise multiple linear regression analysis was performed to find
the predominant predictive factors for ADC and rib visual scores from
anthropometric and blood-related data. Regression analyses between
ADCs and the top 2 predictors were performed using Pearson’s corre-
lation coefficient, and between rib visual scores and the top 2 predictors
using Spearman’s correlation coefficient. In group comparisons of the
rib visual score, differences were assessed using a one-way analysis of
variance (ANOVA) with a post hoc Bonferroni test. Regression analyses
of ADC with PDFF were performed using Pearson’s correlation coeffi-
cient. To evaluate the age-dependency of ADC and PDFF in female
patients, linear and nonlinear (quadratic) regression analyses of age
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Fig. 1. Fat suppression methods at each body part in whole-body DWI (A), ROI placement on MR images (B), and 3-point visual scoring of bone marrow on maximum
intensity projection DWI images with b = 800 (C).

with lumbar ADC and PDFF were performed. All statistical analyses 3. Results
were performed using SPSS statistics version 22 and GraphPad Prism
version 6. p < 0.05 was considered to be significant. 3.1. Predictor of bone marrow ADC and visual scores

Bone marrow ADCs and the ranges for each region are presented
with PDFF in Table 3. The results of multiple regression analyses to



T. Tsujikawa, et al.

Table 2
Blood data evaluated in this study.

CBC Abbreviation Normal range
White blood cell WBC 3.3 - 8.6 x 10° /L
Hemoglobin Hb 13.7 — 16.8 g/dL
Red cell distribution width RDW 11.0 — 15.0%
Platelet count Plt 158 — 348 x 10° /uL
Platelet distribution width PDW 15.0 — 17.0%
Serum C-reactive protein CRP 0 — 0.14mg/dL
Table 3
Regional ADCs and PDFFs.
Region ADC (mm?/s) PDFF (%)
Third lumbar vertebra (L3) 487 = 144(226-926) 44.5 = 13.8 (13.9-78.1)
Fourth lumbar vertebra (L4) 463 * 107 (225-787)  45.0 = 14.0 (15.5-88.4)
Fifth lumbar vertebra (L5) 470 + 122(230-741) 45.2 = 13.8 (14.1-76.7)
Average (L3-5) 473 + 111 (228-771)  44.9 = 13.5 (15.1-80.5)
Right posterior iliac crest 466 + 126 (162-875) 60.0 = 16.4 (24.7-88.4)
Left posterior iliac crest 471 + 123(214-891) 59.9 + 16.6 (24.4-91.4)
Average (bilateral) 469 *+ 119(210-851)  60.0 = 16.3 (25.3-89.1)

Values are mean * SD with ranges in parentheses.

identify the predictors for bone marrow DWI are shown in Table 4. Age
was the strongest predictor of lumbar ADC (standardized coefficient:
B = 0.45,p < 0.0001), followed by red cell distribution width (RDW)
(B = -0.24, p < 0.05). Age was the strongest predictor of iliac ADC
(B =0.43, p < 0.0001), followed by hemoglobin (Hb) (f = 0.22,
p < 0.05). Fig. 2 shows the correlations between ADCs and the top 2
predictive factors. Lumbar ADC had a positive correlation with age
(r=0.39, p < 0.0001) and a negative correlation with RDW (r =
-0.31, p < 0.005) (Fig. 2A and B, respectively). Iliac ADC had positive
correlations with age and Hb (r = 0.39, p < 0.0001, and r = 0.28,
p < 0.005, respectively) (Fig. 2C and D, respectively). Regarding the
visual evaluation of the ribs, RDW was the strongest predictor of visual
score ( =0.47, p < 0.0001), followed by age (B = -0.39,
p < 0.0001) (Table 4). In group comparisons, RDW was significantly
higher in the score 3 group than in the score 1 and 2 groups (p < 0.005
and p < 0.01, respectively), and the score 3 group was significantly
younger than the score 1 group (p < 0.005) (Fig. 3).

3.2. Representative case

Fig. 4 shows the pre- and postoperative DWI, ADC map, and PDFF of
a 39-year-old woman with endometrial cancer (FIGO stage IB, histo-
logical grade 1). Bone marrow showed high signal intensity on pre-
operative DWI (Fig. 4A). Preoperative ADC and PDFF of L3-5 were
294.7 x 10~®mm?/s and 22.7%, respectively, and those of the ilium
were 341.5 x 10”"®mm?/sec and 35.7%, respectively. Preoperative
blood data showed moderate anemia (Hb = 7.4 g/dL,
WBC = 5.6 x 10% /uL, Plt = 357 x 10® /uL, and CRP = 0.06 mg/dL)
and elevated RDW of 21%. On the other hand, the high signal intensity
of bone marrow disappeared on postoperative DWI (Fig. 4B). The

Table 4
Top 2 Predictors of Bone Marrow ADC and Visual Score.
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postoperative ADC and PDFF of L3-5 were 448.0 x 10~ ®mm?/sec and
42.0%, respectively, while those of the ilium were 473.5 X 10~ ® mm?/
sec and 50.1%, respectively. Postoperative blood data showed the
correction of anemia (Hb = 13.0g/dL, WBC = 5.8 X 10 /uL,
Plt = 330 x 10® /uL, and CRP = 0.16 mg/dL) and normalized RDW of
14.9%).

3.3. Correlation of bone marrow ADC with PDFF

ADC and PDFF showed positive correlations at L3-5 and the ilium
(Pearson’s r = 0.57, p < 0.0001 and r = 0.54, p < 0.0001, respec-
tively) (Fig. 5A and B, respectively).

3.4. Correlation of age with lumbar ADC and PDFF in females

Fig. 6 shows linear and nonlinear regressions between age and
lumbar ADC/ PDFF in 92 female patients. Although age and lumbar
ADC showed a significant positive correlation (p < 0.0001), nonlinear
regression showed a slightly better fit (r = 0.40) than did linear re-
gression (r = 0.39) (Fig. 6A). Age and lumbar PDFF showed a sig-
nificant positive correlation (p < 0.0001), and there was no difference
in goodness of fit (r = 0.55) between linear and nonlinear regressions
(Fig. 6B).

4. Discussion

To the best of our knowledge, this is the first study based on a
multiple regression analysis that has clearly identified the predictive
factors for bone marrow signals on whole-body DWI in anthropometric
and blood-related data including CBC and CRP. Younger age, lower Hb
(anemia), and higher RDW (increased hematopoietic activity) were the
predominant predictors of higher visibility and lower ADC of bone
marrow in DWIL Though some of these results are consistent with the
findings of previous studies, some are not.

The age-dependence of bone marrow visibility on DWI was con-
sistent with recent findings by Lavdas et al. and Cui et al. involving
healthy volunteers [18,19] and by Chen et al. involving female patients
[20]. They reported that the hyper-intensity of bone marrow on DWI
was more frequently observed in young females. Female patients with
gynecological tumors accounted for the majority of the patient popu-
lation in this study (Table 1). The association of lower Hb levels with
higher bone marrow visibility on DWI was also consistent with the
report of Chen et al., which showed an association between high DWI
signal in pelvic bone marrow and anemia in female patients [20]. The
present study included many patients with gynecological tumors who
were more likely to have microcytic hypochromic (iron-deficiency)
anemia due to genital bleeding. In addition to age and Hb, RDW was the
third predominant predictor of bone marrow signals on DWI. RDW is a
measure of the range of variations in red blood cell (RBC) volumes.
Higher RDW values indicate greater size variations. In the healing
process of anemia, small-sized RBCs and premature large-sized re-
ticulocytes released from red bone marrow appear in peripheral blood
and result in high RDW, which means that RDW can offer an indirect

Parameters

Lumbar ADC

Iliac ADC

Rib visual score

The strongest predictor

B

r
2nd strongest predictor

B

r

Age
0.45 (p < 0.0001)
0.39 (p < 0.0001)
RDW
—0.24 (p < 0.05)
—0.31 (p < 0.005)

Age

0.43 (p < 0.0001)
0.39 (p < 0.0001)
Hb

0.22 (p < 0.05)
0.28 (p < 0.005)

RDW

0.47 (p < 0.0001)
0.42 (p < 0.0001)
Age

—0.39 (p < 0.0001)
—0.37 (p < 0.0001)-

B: standardized coefficient calculated by a stepwise regression.
r: Pearson’s correlation coefficient for ADCs and Spearman’s correlation coefficient for visual score.
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Fig. 3. Box-and-whisker plots of top 2 predictive factors for rib visual scores.
Significance for group comparisons is shown with associated p values.

measure of the hematopoietic activity of red bone marrow. Since
normal renal function (eGFR > 50 ml/min/1.73m?) was one of the in-
clusion criteria in the present study, patients had a low potential for
nephrogenic anemia and appeared to have erythropoietin-stimulated,
anemia-responsive hematopoiesis. High visibility of bone marrow on
DWI thus serves as a useful indicator of anemia (low Hb) and the an-
emia-responsive hematopoiesis in red bone marrow (high RDW) in
daily practice.

The findings in this study concerning bone marrow ADC at lumbar
vertebrae and ilium are inconsistent with previous reports. In the pre-
sent study, bone marrow ADCs positively correlated with age and PDFF
(Fig. 2A, C, and Fig. 5A, B, respectively). Although the positive corre-
lation between bone marrow ADC and PDFF was previously reported by
Ueda et al. [21], other studies showed a negative correlation of bone
marrow ADC with age and PDFF [18-20,22,23]. This negative corre-
lation of bone marrow ADC with age and PDFF has been considered
consistent with the histologic changes that take place when red marrow

B

p < 0.005
90

80
70
60
50
40
30
20
10

b8 8

age (years old)

rib visual score

converts to yellow marrow; that is, increased lipid deposition along
reticulum cells and trabeculae limits hematopoietic marrow and water
content in relation to the proportion of fat, therefore decreasing the
diffusivity of water molecules and reducing the ADC [24].

A possible cause of the discrepancy with previous results is the
different fat-suppression technique used for whole-body DWI in this
study. Several vendor-specific fat-suppression techniques are available
for 3T MR imaging systems [25], and some techniques can be com-
bined with others to increase SNR and to obtain more robust fat-sup-
pression. An STIR pre-pulse is most commonly used for fat suppression
in whole-body DWI because the method is relatively insensitive to field
inhomogeneities and can be used near metal and over the large fields-
of-view suitable for whole-body imaging [15]. In the present study, an
SSFP water excitation pre-pulse was used together with STIR to yield
higher SNR at the abdomen and pelvis, including the lumbar vertebrae
and ilium (Fig. 1A). Differences in ADC measurements have been re-
ported when different fat-suppression techniques were used in breast
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DWI

Fig. 4. A 39-year-old woman with endometrial cancer (FIGO stage IB, grade 1).

Pre- (A) and postoperative (B) whole-body DWIs are shown as maximum intensity projection images with ADC map and PDFF.

MR imaging [26,27]. It is highly likely that there are similar differences
in ADC measurements of bone marrow rich in fat content.
Furthermore, Dieckmeyer et al. recently reported the confounding
effect of residual fat in ADC measurements of the vertebral bone
marrow water component [28]. They showed a strong underestimation
of ADC that increases with PDFF, which means that the true diffusion
rate of water molecules in lumbar vertebrae could be much higher than
expected in the elderly. In addition, the changes with age in osseous
composition (trabeculation) might have affected our results. Red bone

228

marrow atrophy and trabecular bone loss are more evident after 40
years of age and in women, probably due to estrogen deficiency and
osteoporosis [29]. Hematopoietic marrow is confined within the spaces
defined by the trabeculae and supported by reticulum cells and fat cells.
If these trabeculae and fat cause lower water diffusion, the trabecular
bone loss can increase bone marrow ADC in the elderly. The positive
correlations between bone marrow ADC and PDFF in lumbar vertebrae
and ilium reported in this study are not necessarily wrong; ADC mea-
surements are perhaps more accurately performed in DWI using the
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combination of STIR and SSFP employed in this study. In that case, the
DWI signal intensity of red bone marrow increases when the water
proton mobility is restricted by hyper-cellularity due to increased he-
matopoiesis. These results require further validation with a larger pa-
tient population, different DWI protocols, and different MRI venders.

Whole-body bone marrows contain hematopoietic cells at birth (red
marrow); these are gradually replaced by fat tissue (yellow marrow),
and the physiological conversion is completed by age 25. Red marrow is
replaced by yellow marrow proximally to the axial skeleton. Lumbar
vertebral fat content (PDFF) increased with age (Fig. 6B) and the result
was consistent with the latest report of Schmeel et al. [8]. Although the
youngest patient whose lumbar ADCs were measured in this study was a
19-year-old female, Tschischka et al. recently reported that the mean
ADC of lumbar vertebrae in healthy children (n = 49, mean
age = 10.2 = 4.7yo) was 600 *= 90 x 10~ ®mm?/sec [30]. Plotting
their data on Fig. 6A and performing a nonlinear regression, a de-
creasing trend of lumbar ADC becomes clear during middle age (Sup-
plementary Fig. 1). These results suggest that a straight linear re-
lationship between age and red bone-marrow ADC throughout life may
not be suitable for accurately reflecting the bone marrow physiology.
Perimenopausal status and/or pathophysiological responses (red
marrow reconversion) to anemia might influence the bone marrow
physiology, illustrated by the decreasing trend in ADC during middle
age. These results require further validation with functional and mo-
lecular PET/MR imaging of bone marrow.

Our study had two limitations. First, although the predictive factors
for bone marrow signals on DWI might be gender dependent [18], the
gender difference was not evaluated because the study population
mainly consisted of women (with gynecological tumors). A larger
number of male patients are required for the evaluation of the gender
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difference in future research. Second, data collection allowed patients
with CBC and CRP measured within one week of the scan. These values
can vary within days (especially CRP), better would have been blood
data from the same day.

In conclusion, age, anemia (lower Hb), and increased hematopoietic
activity (higher RDW) are the predominant predictors of ADC and the
visibility of bone marrow DWI. ADC showed significant positive cor-
relations with PDFF at lumbar vertebrae and ilium in this study. Fat-
suppression methods used in this study, perimenopausal status and/or
pathophysiological responses to anemia may have affected the mea-
sured correlations of ADC with age and PDFF, and caused incon-
sistencies with previous studies. Further research is required to assess
the effects of fat-suppression and perimenopausal pathophysiology on
bone marrow DWI signals with a larger patient population, different
DWI protocols, and additional functional PET/MR imaging.
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