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Marrow Fat Content and Composition in
B-Thalassemia: A Study using 'H-MRS
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Background: B-thalassemia is a genetic disease that causes abnormal production of red blood cells (ineffective erythropoi-

esis, |E). IE is a condition known to change bone marrow composition.

f‘urpose: To evaluate the effect of IE on the marrow fat content and fat unsaturation levels in the proximal femur using
H-MRS.

Study Type: Prospective.

Subjects: Twenty-three subjects were included in this study, seven control and 16 B-thalassemia subjects.

Field Strength/Sequence: 3.0T; stimulated echo acquisition Mode (STEAM); magnetic resonance spectroscopy (MRS)

sequence.

Assessment: Multiecho MRS scans were performed in four regions of the proximal left femur of each subject, that is,

diaphysis, femoral neck, femoral head, and greater trochanter. The examined regions were grouped into red (diaphysis

and femoral neck) and yellow marrow regions (femoral head and greater trochanter).

Statistical Tests: The Jonckheere-Terpstra test was used to evaluate the impact of increasing disease severity on bone
marrow fat fraction (BMFF), marrow conversion index, and fat unsaturation index (Ul). Pairwise comparison analysis was
performed when a significant trend (P < 0.05) was found. K-means clustering analysis was used to examine the clusters

observed when BMFF in the red and yellow regions were studied (diaphysis against greater trochanter).

Results: BMFF showed a significant decreasing trend with increasing disease severity in both red (T,r = 109.00, z = —4.414,
P < 0.05) and yellow marrow regions (T, = 108.00, z = -4.438, P < 0.05). The opposite trend was observed in Ul in both
bone marrow regions (red marrow: T,1 = 180.5, z = 3.515, P < 0.05; yellow marrow: T;r = 155.0, z = 2.282, P = 0.05). Three

distinct forms of marrow adipogenesis were found when plotting BMFF diaphysis against BMFF greater trochanter: 1) nor-
mal (centroid: 80.4%, 66.6%), 2) partial disruption (centroid: 51.1%, 16.6%), and 3) total disruption (centroid: 2.6%, 1.6%).
Data Conclusion: g-thalassemia is associated with decreased marrow fat, and increased marrow fat unsaturation level.
Level of Evidence: 2

Technical Efficacy Stage: 3
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ﬁ—THALASSEMIA, a genetic hemoglobin disorder, is

defined by impaired synthesis of the P-globin chain of
hemoglobin." It is characterized by the premature destruction
of developing red blood cells (ineffective erythropoiesis, IE),
chronic hemolytic anemia, and subsequent clinical complica-
tions.” There is a wide range of clinical severities within the
p-thalassemia syndromes. p-thalassemia minor (B-TMi) is

characterized by mild microcytic anemia only," while at the
other end of the spectrum is B-thalassemia major (B-TMa) for
which regular transfusions are required to reduce the compli-
cations from chronic anemia and IE." Those with anemia too
severe to be considered as minor, but who occasionally
require transfusion, are termed as having p-thalassemia inter-
media (B-TI) or nontransfusion-dependent B-thalassemia.'
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The consequence of anemia in f-thalassemia patients
can be observed by changes to their bone marrow composi-
tion. Normally, bone marrow is predominantly hematopoietic
(red) marrow at birth, but is gradually replaced by fatty (yel-
low) marrow as the person ages.>* However, bone marrow
reconversion, that is, a decrease in marrow adipose tissue
(MAT), and an increase in red marrow, has been observed in
p-thalassemia patients and other diseases characterized by
increased erythropoietic demand.’

Optimal hematopoiesis requires an intact and functional
bone marrow microenvironment.” MAT is one of the main
components of the bone marrow stroma and plays an essen-
tial role in the maintenance of hematopoiesis.G In recent
years, MAT has been described as a fine-tuned expandable/
contractible fat depot that works to maintain optimal hema-
topoiesis.” The plasticity of MAT in responding to hemato-
poietic demands implies that MAT levels could be used as a
the
suppressing IE. This is especially important in p-thalassemia,

measure  of efficacy of thalassemia treatment in

where the suggested serum biomarkers of IE (eg, serum trans-

. . 8-10
ferrin receptor or erythropoietin levels

) are susceptible to
alteration according to transfusion and body iron stores.

In addition to the size and amount of marrow fat, the fatty
acid composition of MAT may also have clinical relevance. For
example, changes in bone marrow composition, assessed using
magnetic resonance imaging (MRI), have been observed in osteo-
porosis, obesity, anorexia nervosa, and type 2 diabetes
mellitus.''™" These studies revealed significantly lower marrow
fat unsaturation levels in patients than controls. An erythropoiesis
study, on the other hand, revealed increases in marrow fat
unsaturation levels as erythropoiesis increases." Tt has been
suggested in an osteoporosis study that marrow fatty acid compo-
sition is better correlated with bone marrow density than marrow
fat content.'">'® The clinical relevance of MAT levels and com-
position in relation to erythropoiesis, however, is still unclear.

The spectrum of disease severity in P-thalassemia pro-
vides an opportunity to study the impact of increasing the
requirement of hematopoiesis (due to IE) on marrow
adipogenesis. The ability of proton magnetic resonance spec-
troscopy (*H-MRS) to resolve the signal of each individual
lipid peak makes it valuable in studying bone marrow fat con-
tent and fatty acid composition. This technique has been
commonly used to assess and quantify body fat composition
in vivo."”'® Thus, the purpose of this study was to utilize
"H-MRS noninvasively to study the impact of IE on bone
marrow  fat and facty acid

content composition  in

[-thalassemia patients.

Materials and Methods

Selection of Participants

The study protocol and study design were approved by the Research
Ethics Committee of our institute. Written informed consent was
obtained from all subjects.
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The study population consisted of -thalassemia patients from
our institution’s hematology unit, and control subjects who were
healthy volunteers. Subjects were aged between 18 and 40 years.
p-thalassemia patients had their diagnosis confirmed by the standard
laboratory criteria, that is, high-performance liquid chromatography
(HPLC) 1920 The
p-thalassemia subjects into BTMi, PTI, and pTMa categories was in

and gel electrophoresis. differentiation of
accordance with clinical criteria, and the results of blood count,
HPLC, and Hb gel electrophoresis tests.>' Control subjects had nor-
mal blood counts. The exclusion criteria were the possible covariates
that may modify bone marrow composition®”: 1) pregnancy, 2)
smoking (210 pack-year), 3) frequent alcohol consumption (210
units/week), 4) involvement in competitive athletics, 5) other con-
comitant hemoglobinopathies (eg, sickle cell disease or a-thalasse-
mia), 6) hemolytic disorders (eg, coexistent ovalocytosis, G6PD
deficiency), 7) active bleeding, 8) use of erythropoietin or other
drugs that might affect erythropoiesis (eg, hydroxyurea,
luspatercept), or 9) a history of serious leg injuries. Control subjects
with known osteopenia or osteoporosis were also excluded from the
study, while no such exclusion criterion was placed on the
f-thalassemia patients, as osteopenia or osteoporosis are known to be

associated with this disease.?

Scanning Protocol

All participants underwent MRI using a 3.0T whole-body scanner
(Magnetom Prisma, Siemens Healthcare, Erlangen Germany) with a
body 18-channel phased-array coil system. The subjects were posi-
tioned supine and feet-first on the MRI table.

A T-weighted 3D “sampling perfection with application opti-
mized contrasts using different flip angle evolution” (SPACE) scan
sequence was performed in coronal planes with the following param-
eters: repetition time / echo time (TR/TE): 600/3.4 msec; slice
thickness: 1.5 mm; field of view (FOV): 300 X 300 X 144 mm?>;
matrix size: 256 X 256 X 96. The FOV was chosen to cover the left
lower limb from the hip joint to the middle third of the femoral
shaft. The images obtained from the coronal SPACE sequence were
reconstructed to obtain images in both axial and sagittal planes.
These images were then used for optimal positioning of MRS vol-
umes of interest.

MRS acquisitions were performed using a single voxel stimu-
lated echo acquisition mode (STEAM) sequence with TR: 3500
msec; mixing time (TM): 10 msec; TE varying from 20—-40 msec in
5-msec increments in separate acquisitions. Other parameters were:
water suppression: off; voxel size: 10 X 10 X 10 mm?; number of
averages: 12; number of points: 1024; and bandwidth: 1200 Hz.
The scanning was performed at four regions of the proximal femur:
1) femoral head, 2) femoral neck, 3) greater trochanter, and 4) prox-
imal diaphysis (Fig. 1a).

Spectral Fitting

Acquired spectra were processed using an offline AMARES algorithm
included in the Java-based MRUI (jMRUI) software package.”**’
The preprocessing steps included calibration according to the main
CH, peak (1.3 ppm). Spectral assignments of the water peak
(4.7 ppm) and six fat peaks were based on previous studies.'”'®
Peaks were assigned as follows: A, methyl protons (observed at

0.90 ppm); B, bulk methylene and p-carboxyl protons (observed at
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FIGURE 1: (a) Location of the voxels of interest: 1) femoral head, 2) femoral neck, 3) greater trochanter, and 4) diaphysis, shown on a
coronal T1-weighted SPACE image of a subject from the control group (24-year-old female). (b) The spectrum shown was obtained
from the proximal diaphysis of this subject. The lipids that were commonly resolved in vivo were terminal methyl protons (A:
0.9 ppm), bulk methylene protons (B: 1.3 ppm), methylene protons (C: 2.1 ppm), and olefinic protons (F: 5.3 ppm).

1.3 ppm); C, a-carboxyl, and a-olefinic (observed at 2.1 ppm); D,
diacyl (observed at 2.75 ppm); E, glycerol (observed at 4.2 ppm);
and F, olefinic (observed at 5.3 ppm) (Fig. 1b).

The rules applied to the spectral fitting procedure were as fol-
lows: Gaussian model function was assumed for all peaks; peak B
was fitted using three Gaussians; the fat peaks A and C were each
ficted using two Gaussians, while peak D was modeled by a single
Gaussian. The water peak and peaks E and F were fitted using five
Gaussians.'” The resonance frequencies were constrained to lie
within £0.05 ppm of the observed frequencies. The linewidths of
the water and fat peaks were constrained to <100 Hz.

Given that spectral broadening effects were observed in iron
overloaded patients, the fat signal, Ir,, was defined as the total signal
amplitude of peaks A-D, while the water signal, I, ,.;» was defined
as the total signal amplitude of the water peak and peaks E-F. The
signals underwent a T)-relaxation correction process by applying
nonlinear least-square fitting to account for the presence of iron.2¢

To evaluate the relationship of bone marrow fat content with
IE, bone marrow fat fraction (BMFF) was calculated according to
the equation:

Iy
% 100%.

fat L water

Bone marrow fat fraction, BMFF (%) =

To evaluate the impact of IE on marrow adipogenesis, the
BMFF measured in the diaphysis (in healthy adults, this is the
region in the proximal femur that will develop MAT last) was com-
pared with the BMFF obtained from the greater trochanter
(in healthy adults, this is the region in the proximal femur that will
first develop MAT). A marrow conversion index (MCI), the ratio of
BMFF in diaphysis to BMFF in greater trochanter, was also calcu-
lated and expressed as a percentage.*>

To evaluate fatty acid composition, a bone marrow
unsaturation index (UD)'? was calculated for each marrow region. Ul
was only calculated for high-quality spectra, where peaks A, B, C,,
and F were clearly identifiable (Fig. 1b). UI was calculated from the
spectra obtained at each TE and the values were then averaged. The

equation used was:

) Ir
Unsaturation Index, U] = ———————
Tg+Ip+Ic+1fp
where I, Ip, Ic, and If are the signal amplitudes of lipid peaks A,
B, C, and F, respectively.

Statistical Analysis

The data obtained from the four regions examined were grouped
into two categories: 1) red marrow regions (diaphysis and femoral
neck), and 2) yellow marrow regions (femoral head and greater tro-
chanter). The grouping was based on the usual anatomic distribution
of marrow fat found in healthy adults.* The Jonckheere—Tersptra
test was used to analyze the impact of increasing severity of IE on
UI and BMFF in both red and yellow marrow regions. When a sig-
nificant trend was observed (two-sided P < 0.05), pairwise multiple
comparisons were performed. The impact of IE on bone marrow
adipogenesis was studied using Jonckheere-Tersptra trend analysis
and k-means clustering analysis. To test for the correlation between
Ul and marrow fat content, a Pearson’s correlation test was
employed. Data were analyzed using IBM SPSS Statistics for Win-
dows, v. 23 (Armonk, NY) and MatLab R2019b (MathWorks,
Natick, MA).

Results

Subjects and Spectral Results
Overall, 23 subjects were examined, of which seven were
healthy, while the rest were [-thalassemia patients (four
BTMi, five BT, and seven fTMa) (Table 1). The mean body
mass index (BMI) of all participants was 22.7 £ 3.2 kg/mz;
except for two subjects (one fTMi and one fTMa) who were
slightly overweight, the rest of the participants had a normal
BMI. One BTMa subject had hypogonadism.

Spectra obtained from three of the subjects (two BTI
and one fTMa) were excluded from the calculation of BMFF
as they were not interpretable due to excessive iron level (they

were all found to have ferritin level 24000 pg/L). Ul values
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TABLE 1. Subjects Demographics and MR Spectroscopy Results for All Subjects
Characteristics Control PTMi PTI pTMa
n (M/F) 7(2/5) 4(2/2) 5(2/3) 7 (4/3)
Age (yrs) 285+ 2.4 31.5 £5.7 333+73 26.8 £ 6.6
Height (cm) 155.0 = 8.7 163.8 £7.8 161.7 £7.5 159.7 £ 9.0
Weight (kg) 57.1 £9.8 62.1 +18.6 525+ 3.4 59.2 £9.5
BMI (kg/m?) 225+ 1.4 229 £53 20.0 £ 1.1 232 +£2.8
Bone marrow fat fraction (BMFF)
Femoral neck 67.18 + 4.13 66.63 + 14.03 28.61 + 11.03 26.40 £+ 27.94
Diaphysis 70.40 £ 3.54 55.67 + 16.03 20.82 £ 14.93 27.27 £ 32.77
Femoral head 84.93 + 6.63 85.21 + 4.11 43.45 £ 7.72 35.72 + 37.05
Greater trochanter 80.36 £ 6.43 82.30 + 2.89 45.90 £ 10.68 33.53 £ 33.71
Red marrow 68.79 £ 7.09 61.15 £ 15.13 24.72 + 12.49 26.83 + 29.04
Yellow marrow 82.64 + 6.71 83.76 + 3.64 44.68 £ 8.44 34.62 £ 33.79
MCI 82.56 + 13.06 67.87 £ 20.95 45.18 £ 26.63 90.38 + 48.04
Unsaturation index (UI)
Femoral neck 0.065 £+ 0.017 0.095 £ 0.026 0.094 + 0.039 N/A
Diaphysis 0.060 £ 0.017 0.097 £ 0.010 0.101 £ 0.015 N/A
Femoral head 0.070 £ 0.020 0.091 £ 0.015 0.092 £ 0.029 N/A
Greater trochanter 0.057 £ 0.013 0.062 £ 0.009 0.086 £ 0.019 N/A
Red marrow 0.062 +£ 0.002 0.096 £ 0.018 0.100 £ 0.027 N/A
Yellow marrow 0.064 £+ 0.017 0.077 £ 0.019 0.089 + 0.022 N/A
BTMi = p-thalassemia minor; BTI = P-thalassemia intermedia; fTMa = p-thalassemia major; BMI = body mass index; MCI = marrow
conversion index.

were only calculated from high-quality spectra obtained from
the subjects (for example, spectra obtained from two BTI and
all PTMa subjects were excluded due to excessive spectral
broadening).

Figure 2 demonstrates examples of marrow spectra
obtained from two P-thalassemia patients (one fTMa and
one PTI), with an age difference of 10 years. Figure 2a shows
a patient with a total absence of fat peaks in bone marrow
(proximal diaphysis). Figure 2b depicts a spectrum when iron
is present.

An example of the change in "H-MR spectra for water
and lipid with echo time in the bone marrow of subjects with
iron-overload is shown in Fig. 3a. All spectra acquired show
the expected monoexponential decay. The results from T,
curve fitting and calculation (Fig. 3b) were used to calculate
BMFF and the subsequent MCL

The calculated BMFF, MCI, and UI for each group are
presented in Table 1.
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Bone Marrow Fat Fraction with IE
Figure 4a depicts the changes in proximal femur BMFF as
the severity of the thalassemia increased. The Jonckheere—
Terpstra trend analysis test showed that in both red and
yellow marrow regions there were statistically significant
decreasing trends in BMFF as the severity of thalassemia
increased (red marrow: Tjr = 109.00, z = —4.414, P < 0.05;
yellow marrow: Tyt = 108.00, z = —4.438, P < 0.05).
Post-hoc analysis (Table 2) showed that, of the six pos-
sible pairs of subject groups, the three subject group pairs that
had significant differences (P < 0.05) in BMFF in both red
and yellow marrow regions were: control vs. fTI, control
vs. PTMa, and PTMi vs. BTI. One pair (BTMi vs. fTMa)
showed a significant difference in the BMFF only in yellow
marrow (P < 0.05), and not in red marrow (P = 0.094). The
wide range of BMFF in fTMa subjects was clearly visible in
both red (BMFE: 1.00-72.30%) and yellow (BMFEF:
0.77-85.41%) marrow regions (Table 1, Fig. 4a).
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FIGURE 2: (a) A spectrum obtained from the left proximal
diaphysis of a 28-year-old male fTMa subject. The spectrum
shows an absolute absence of lipid peak, indicating a total
displacement of MAT, in favor of hematopoietic red bone
marrow. (b) A spectrum obtained from the left proximal
diaphysis of a 38-year-old male BTl subject. The spectrum shows
a partial displacement of marrow adipose tissue in favor of
hematopoietic red bone marrow. A slight spectral broadening
effect in the spectrum is due to an increase in gastrointestinal
iron absorption and sporadic blood transfusion. To account for
the broadened spectra, lipid signals near the water peak (4.2
and 5.3 ppm) were assumed to be part of the water signal
during the quantification of marrow fat content.

Bone Marrow Adipogenesis in IE

MCI showed no significant trend with increasing disease
65.5, z = -0.476, P = 0.634) (Table 1,
Fig. 4b). However, three distinct clusters were found when
the BMFF in the diaphysis was plotted against the BMFF in
the greater trochanter (Fig. 5). The first cluster contained

severity (Tjp =

13 observations (all seven controls, four PTMi, and two
BTMa) in which both regions had high levels of BMFF (cen-
troid: 80.4%, 66.6%). The second cluster consisted of four
subjects (three PTI and one PTMa) with the centroid in
between the first and the third cluster (centroid: 51.1%,
16.6%). The third cluster, with very low levels of BMFF in
both regions (centroid: 2.6%, 1.6%), contained three subjects

(all three being fTMa).

Ismail et al.: Marrow Fat Composition in B-Thalassemia

Composition of Bone Marrow Fatty Acid With IE
The Ul increased significantly as the disease severity
increased, with red marrow regions more affected than yellow
marrow regions (red marrow: Tyr = 180.5, z = 3.515,
P < 0.05; yellow marrow: Ty = 155.0, z = 2.282, P = 0.05)
(Fig. 4c). In red marrow regions, subjects with B-thalassemia
(ie, fTMi and PTI) were found to have significantly higher
(P < 0.05) UI values compared to controls (Table 2). For yel-
low marrow regions, a statstically significant difference
(P<0.05) was only found between controls and BTI.
Pearson’s correlation analysis indicated a negative correlation
between the UI and BMFF (r = —0.486, P < 0.05).

Discussion

The adapted 'H-MRS technique and analyses employed in
this study demonstrated differences in BMFF, MCI, and UI
between different regions of the proximal femur, in both con-
trol and thalassemia patients, which may reflect differences in
the proportion of hematopoiesis in these subject groups.
Opverall, this study demonstrated a significantly lower BMFF
and a higher UI occurring with increasing severity of thalasse-
mia, a condition associated with expanded erythroid marrow
due to IE. BMFF was more affected by disease severity
than UL

A strong inverse relationship between MAT content
and the body’s hematopoietic demands has been well
established.>** In our study we found that there were three
distinct responses of MAT to hematopoietic stress. The first
cluster (consisting of controls, PTMi, and two fTMa sub-
jects) demonstrates normal marrow adipogenesis in both red
and yellow marrow regions, signifying normal hematopoiesis.
Although BTMi subjects showed a slight decrease in the
BMFF in the red marrow regions as compared to the control
group, in keeping with their known mild IE,! the differences
were not statistically significant. The second cluster (con-
sisting of PTI and one PTMa subjects) showed a marked
reduction of BMFF in both red and yellow marrow regions
compared to cluster 1, implying a partial disruption of the
bone marrow conversion process, and a greater increase in
hematopoiesis than in PTMi or normal subjects. The third
cluster (consisting only of fTMa subjects) showed a total sup-
pression of marrow adipogenesis. The negligible amount of
marrow fat indicates the effect of very marked ineffective
erythropoiesis, which would be expected if the fTMa patient
is not adequately transfused. The three distinct forms of mar-
row adipogenesis may summarize the response of MAT as the
body’s hematopoietic needs increase, ie, MAT decreases as
hematopoiesis increases. These results suggest that quantita-
tive information on MAT could be an indicator of body
erythropoietic activity.

The strong plasticity properties of adipose tissue, chang-
ing in amount in response to physiological stresses, may be
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FIGURE 3: (a) The spectral peaks of water and lipid obtained from a diaphysis of 38-year-old subject (male, BTl subject) using a
single-voxel STEAM sequence. Each spectrum was obtained separately using TEs ranging from 20-40 msec. The relaxation of signals
with increasing time is observed here, emphasizing the importance of T,-relaxation correction in the calculation of marrow fat
content. (b) The relaxation curves of the spectra shown in (a). The signal decay for water is more rapid than lipid. T,-relaxation
correction eliminates the TE-dependency in marrow fat content calculation.

the explanation for the three distinct responses found in this
study.”” BPTMi subjects, who are mildly anemic and asymp-
tomatic, show only minimal nonsignificant differences in
MAT compared to the control group, and thus they are in
the same cluster. Treatments given to BTI, if any, aim to sup-
port the patients’ hematopoiesis (eg, folic acid supplements),
and transfusions are given only in situations of severe anemia
due to stresses such as infections or pregnancy.”® Hence,
there is a partial disruption of MAT in PTI patients (seen in
the second cluster) as they will remain anemic, with increased
erythropoiesis. The objective of regular transfusion in fTMa
patients is to suppress their increased (but largely ineffective)
erythropoiesis, so the high variability in BMFF in these sub-
jects may reflect the intensity of their transfusion regimen,

and/or their individual compliance or response to the transfu-
sions. Impaired differentiation of mesenchymal stem cells due
to severe hypoxia may also be a contributory cause to reduced
MAT in these PTMa patients.”” We found that hyp-
ogonadism and being overweight did not appear to affect
marrow adipogenesis in the subjects with these complications.

The increased unsaturation of lipids in P-thalassemia
subjects may be due to the working of the key enzyme
involved in lipid metabolism (i.e., stearoyl-CoA desaturase-
1).>%3! This enzyme catalyzes the synthesis of monounsatu-
rated lipids by adding one double bond to the saturated
lipids. Lipolysis and remodeling of MAT with highly satu-
rated lipids when facing physiological stress can also be a con-
tributory factor to the increase in UL>"? Indeed, increased

Control Subjects

Bone marrow fat fraction

TABLE 2. Statistical Test Results for Bone Marrow Fat Fraction and Unsaturation Index of g-Thalassemia and

Unsaturation index

Red marrow

Yellow marrow

Red marrow Yellow marrow

Tyr z P Tyr z
Control vs pTMi  37.0 -1.297 0.584 62.0 0.410
Control vs pTI1 0.0 -3.464 <0.05 0.0 -3.464
Control vs pfTMa  21.0 -3.240 <0.05 10.0 -3.806
BTMi vs BTI 1.0 -2.969 <0.05 0.0 -3.098
BTMi vs fTMa 20.0 -2.160 0.092 6.0 -3.240
BTI vs fTMa 30.0 -0.562 1.000 30  -0.562

BTMi = B-thalassemia minor; BT = B-thalassemia intermedia; fTMa = B-thalassemia major.

r Tyr z P Tyr z r
1.000 88.5 3.186 <0.05 65.0 1.349 0.266
<0.05 65.0 2777 <0.05 585 2.158 <0.05
<0.05 N/A
<0.05 27.0 0.398 1.000 31.5 0.977 0.493
<0.05 N/A
1.000 N/A
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FIGURE 4: Boxplots of proximal femur BMFF, MCI, and Ul grouped according to the increasing severity of the disease to show the
impact of IE on bone marrow composition. (a) BMFF for red marrow regions (proximal diaphysis and femoral neck) and yellow
marrow regions (femoral head and greater trochanter). (b) MCI for red marrow regions (proximal diaphysis and femoral neck) and
yellow marrow regions (femoral head and greater trochanter). (c) Marrow Ul for red marrow regions (proximal diaphysis and femoral
neck) and yellow marrow regions (femoral head and greater trochanter). (d) The horizontal line indicates the median, while the
bottom and top edges of the box indicate the 25th and 75th percentiles. The whiskers extend to the outliers. The circle in the box

indicates the average value.

unsaturated lipids and greater lipolysis of MAT, as erythro-
poiesis increases, has also been observed in a previous study.'*
The decreased level of saturated lipid may relate to an
increased supply of energy to marrow cells,”> while unsatu-
rated lipids may play a role in cell proliferation.®* As an
increase in lipid unsaturation has been observed in the condi-
tion of increased erythropoiesis and lipid metabolism,'#3%3!
it will be of interest to study longitudinally how the MAT
unsaturation index changes in individual patients in relation
to therapies aimed at suppressing overactive erythropoietic
activity. Unfortunately, we were unable to evaluate the
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FIGURE 5: A scatterplot with the line of equality to show the
changes of BMFF in proximal diaphysis in relation to bone
marrow fat fraction in greater trochanter in different subject
groups. Each centroid of a cluster obtained from the simple k-
means clustering method is labeled with ‘x’. C1, C2, and C3
represent three forms of marrow adipogenesis: 1) normal
(centroid: 80.4%, 66.6%), 2) partial disruption (centroid: 55.1%,
16.6%), and total disruption (centroid: 2.6%, 1.6%), respectively.

unsaturation index in PTMa patients due to the excessive
spectrum broadening due to very high levels of tissue iron.

In iron-overloading conditions, in which spectral broad-
ening and rapid signal relaxation are expected, several
methods have been used to obtain more accurate estimates of
each metabolite. For example, the STEAM sequence was used
in this study due to it being less sensitive to short T relaxa-
tion times and homonuclear scalar coupling.®>> Moreover, to
resolve for signal ambiguity, signals obtained at 4-5.3 ppm
were defined as water signals regardless of the spectral quality.
Furthermore, our data showed that water and fat peaks have
different T, values and the transverse relaxation of water is
more affected by iron compared to fat. Hence, to correct for
T, decay, we obtained spectra at multiple TEs and the fitting
for water and fat relaxation times was done separately.

Limitations

1) pP-thalassemia subjects were divided according to their
severity, resulting in the number of subjects in each group
being limited. 2) This study did not correct for age and
gender-related factors, although they are known to be able to
affect bone marrow composition.”> However, as evidenced by
the magnitude of the differences in BMFF, and the fact that
all our subjects were within the age range 18-40 years and
there were males and females in all groups, the effect of IE on
bone marrow appeared to exceed the effect of age and gender
on bone marrow composition. 3) While this "H-MRS
method is promising as a research and clinical tool to evaluate
MAT, the low spectral quality due to the presence of iron will
complicate and cause inaccuracies in the assessment of MAT

in thalassemia. As signals obtained at 4-5.3 ppm were defined
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as water signals, the quantified BMFF may not reflect the
exact amount of fat in the bone marrow. Underestimation of
olefinic protons at 5.30 ppm may also occur due to strong J-
coupling interactions. While water suppression techniques
may be able to resolve water and olefinic peaks, due to time
constraints during scanning, we were unable to implement
such a technique. Other than that, this technique has a very
poor spatial resolution, which is a significant limitation, as
bone marrow has a spatially heterogeneous fat distribution.
Chemical shift-encoded (CSE) fat—water imaging techniques
have the potential to overcome the limitations of this
technique,15’36’37 but this technique would require validation
and optimization to improve accuracy in quantifying fat in
the iron-overloaded bone marrow. The use of an MR system
of higher field strength may improve the resolution of the
peaks.

Conclusion

"H-MRS promises to be a valuable tool in noninvasively
assessing marrow fat composition and to study the role of IE
in changing marrow composition. There is an inverse rela-
tionship between marrow fat content and IE and an increase
in the unsaturation index. Further studies are required to illu-
minate the strength of the relationships between marrow fat
content and fatty acid composition with erythropoietic activ-
ity. The existence of other factors that may affect marrow fat
content and the unsaturation index in IE conditions should
also be studied. The plasticity properties of MAT in response
to the body’s hematopoietic activity need further study, espe-
cially in PTMa subjects.
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