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Abstract
The aim of this study was to evaluate, using MRI, the changes in bone marrow fat fraction (BMFF) of patients with acute 

lymphoblastic leukemia (ALL), in comparison with children without hematological disorders.
Methods and Results: The cohort of the study subjects included 20 patients aged between 5 and 17 years (mean age of 

11.2±3.6 years; 10 boys and 10 girls) with clinically and morphologically confirmed diagnosis of ALL All patients underwent MRI 
scanning in the acute phase of the disease before the start of specific therapy. Then, the study was repeated in 10 patients (mean age 
of 12.2±2.3 years; 8 boys and 2 girls) during treatment, according to the ALL-MB 2015 protocol for patients with primary ALL and 
according to the ALL-REZ-MB 2016 protocol for patients with relapsed ALL. The control group consisted of 24 healthy controls of 
the same age group (mean age of 12±2.8 years; 17 boys and 7 girls) with no prior hematologic diseases. MRI scanning was carried out 
using a Philips Achieva dStream 3T scanner with a 32-channel FlexCoverage abdominal receiving coil. The MRI protocol included 
images obtained with the mDIXON Quant technique in the coronal plane, completely covering the pelvic bones and lumbar spine. 
Fat fraction maps were generated automatically on the MRI console using the 7-peak fat model and were corrected for T2* effects. 
Regions of interest (ROI) measuring 150 mm2 were placed in the bodies of the left and right iliac bones (Ilium L, Ilium R) as well as 
in the L4 and L5 vertebral bodies, taking care to avoid blood vessels, cortical bones and areas that could potentially contain artifacts. 

In the group of healthy controls, BMFF value was 51±11% in the bodies of the iliac bones and 32±10% in the lumbar vertebrae. 
In the group of patients with the acute phase of the disease, BMFF was as low as 3.1±2.6% in all the bone structures. In patients who had 
undergone chemotherapy, the mean BMFF increased up to 77±7% in the iliac bones and up to 65±13% in the vertebrae. Student’s t-test 
for dependent samples revealed a statistically significant increase in the mean BMFF values in all the bone structures after chemotherapy 
(P<0.01). After schemotherapy, BMFF was also significantly higher than under normal conditions (P<0.01).  

Conclusion: This study provides important diagnostic information for various phases of ALL treatment, especially in 
suspected cases of resistant or recurrent disease. (International Journal of Biomedicine. 2021;11(2):141-145.) 
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Introduction
Acute lymphoblastic leukemia (ALL) is a cancer of 

the red bone marrow (BM).(1) As of 2017, the incidence rate 
of leukemia was 4.5 per 100,000 children (4.98 among boys, 
4.18 among girls) aged between 0 and 14 years. According to 

an analysis of the data from 2007 to 2017, the incidence rate of 
leukemia in this age group increased by 20.28% (the average 
annual growth rate - 1.82%).(2) Modern treatment protocols 
allow us to achieve a cure in up to 95% of young patients; 
however the treatment is long and expensive. Due to the slow 
but still steady growth in the number of new cases year by 
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year, there is a clear need for a multimodal approach to the 
primary prevention and diagnosis of malignant hematological 
disorders in children.(3) 

Historically, two types of BM have been distinguished: 
“red” (hematopoietic) and “yellow” (fatty). Cancer researchers 
delineate an important role of BM adipocytes in oncohematology. 
Adipocytes contribute to the development and the continued 
growth of tumors, the metastasis to the BM and the development 
of resistance to chemotherapy.(4,5) Adipocytes can be studied using 
not only laboratory methods, but also MRI, which allows us to 
assess the total number of adipocytes in the BM.(6,7) It has been 
shown that all the sequences have high sensitivity to neoplastic 
and inflammatory changes in the BM of children.(8)

At different stages of ALL treatment approaches, the 
assessment of “red”(hematopoietic)-to-”yellow”(fat) ratio 
in the BM, using MRI, can provide additional information 
about the condition of the BM during the conducted 
polychemotherapy.(9) 

The aim of this study was to evaluate, using MRI, the 
changes in BMFF of patients with ALL, in comparison with 
children without hematological disorders.

Materials and Methods
This study was approved by the Independent Ethics 

Committee of the D. Rogachev NMRCPHOI, supported by 
the Scientific Council of the D. Rogachev NMRCPHOI of the 
Ministry of Healthcare of the Russian Federation and complies 
with the World Medical Association Code of Ethics for 
medical research involving human subjects.  Written informed 
consent was obtained from patients and their parents.

The cohort of the study subjects included 20 patients 
aged between 5 and 17 years (mean age of 11.2±3.6 years; 
10 boys and 10 girls) with clinically and morphologically 
confirmed diagnosis of ALL, who underwent treatment at the 
D. Rogachev NMRCPHOI from October 2017 to March 2020. 
All patients underwent MRI scanning in the acute phase of the 
disease before the start of specific therapy (Table 1). Then, 
the study was repeated in 10 patients (mean age of 12.2±2.3 
years, 8 boys and 2 girls) during treatment, according to the 
ALL-MB 2015 protocol for patients with primary ALL and 
according to the ALL-REZ-MB 2016 protocol for patients 
with relapsed ALL (Table 2). 

The control group consisted of 24 healthy controls of the 
same age group (mean age of 12±2.8; 17 boys and 7 girls) with 
no prior hematologic diseases.  

MRI protocol
MRI scanning was carried out using a Philips Achieva 

dStream 3T scanner (Philips Healthcare, Best, the Netherlands) 
with a 32-channel FlexCoverage abdominal receiving coil. The 
MRI protocol included images obtained with the mDIXON 
Quant technique in the coronal plane, completely covering 
the pelvic bones and lumbar spine. mDIXON images were 
registered with the following parameters of a gradient multi-
echo sequence: repetition time (TR) = 11 ms, 6 times to 
echo (TE) – minimal TE (ТЕ1) = 1.2 ms, with an interval (∆TE) 
= 0.8 ms; flip angle (FA) – 3º to minimize the influence of T1 
weighting; the number of slices – 35, slice thickness– 4 mm, 
with a gap – -2 mm; field of view (FOV) = 360×360 mm2, voxel 
size - 3.5×3.5×4.0 mm for registration and 2.5×2.5×2.0 mm 
for reconstruction; the frequency-encoding direction - A/P (to 
minimize respiratory motion artifacts); the SENSE acceleration 
factor – 2. The scan time was 1 min. 

The fat fraction (FF) was calculated as the ratio between 
fat signal intensity (Sfat) and water signal intensity (SH20) using 
the following formula:

FF maps were generated automatically on the MRI 
console using the 7-peak fat model and were corrected for T2* 
effects.(10) 

Regions of interest (ROI) measuring 150 mm2 were 
placed in the bodies of the left and right iliac bones (Ilium L, 
Ilium R) as well as in the L4 and L5 vertebral bodies, taking 
care to avoid blood vessels, cortical bones and areas that could 
potentially contain artifacts (Fig.1). 

Statistical analysis was performed using Jamovi 
1.1.9.0.25. The Shapiro-Wilk W test was used in testing for 
normality. For data with normal distribution, inter-group 
comparisons were performed using Student's t-test. The 
Mann-Whitney U Test was used to compare the differences 
between the two independent groups (for nonparametric data). 

                        
              

Table 1.
The number of patients in the acute phase of ALL before the start of 
chemotherapy. The first acute period is the acute phase of the disease 
in a patient with newly diagnosed ALL; the second acute period is the 
acute phase of the disease in a patient with relapsed ALL.

White blood cells (×109/L)
Number

of patients <6.05 6.05 - 9.8 >9.8

First acute period 11 4 2 5
Second acute period 9 2 1 6

Table 2. 
The number of patients with an indication of the treatment stage 
and the protocol according to which they received treatment.

Treatment protocol Number of
patients Treatment stage

ALL-MB 2015 5 After cycle F1, F2
ALL REZ MB 2016 5 After cycle F1,2 R1,2

Fig. 1. FF maps with regions of interest and mean values 
measured in these regions. (a) A healthy control. (b) A patient 
diagnosed with ALA, before the start of chemotherapy. (c) 
The same patient after the first chemotherapy cycle.

                   (a)                                 (b)                                   (c)       
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The Wilcoxon criterion was used to compare the differences 
between the paired samples.  A probability value of P<0.05 
was considered statistically significant. 

Results
The Mann-Whitney U test did not show any significant 

differences between the groups of patients with respect to 
age (P=0.854). The BMFF values during the first and the 
second acute periods were compared within the “before 
specific therapy” group of patients (n=20) Student’s t-test 
did not reveal any significant differences between the values 
(P=0.962). In the “after chemotherapy” group (n=10), the data 
were compared in patients who had been treated in accordance 
with the ALL-MB 2015 protocol and those who had received 
treatment under the ALL-REZ-MB 2016 protocol. The Mann-
Whitney U test did not show any significant differences 
between the values (P=0.753). 

In the group of healthy controls, BMFF value was 
51±11% in the bodies of the iliac bones and 32±10% in the 
lumbar vertebrae. All patients in the acute phase of the disease 
were included in one group. In these patients, BMFF was as 
low as 3.1±2.6% in all the bone structures. All patients who 
had undergone treatment were included in another group. In 
this group, the mean BMFF increased up to 77±7% in the iliac 
bones and up to 65±13% in the vertebrae. The BMFF values 
measured at several sites in the three groups of patients are 
summarized in Table 3.

Under normal conditions, the mean fat content in the 
iliac bones was statistically significantly higher than in the L4 
and L5 vertebrae (P<0.01). In the acute phase of the disease, 
BMFF values were statistically significantly lower than under 
normal conditions (P<0.01). Student’s t-test for dependent 
samples revealed a statistically significant increase in the mean 
BMFF values in all the bone structures after chemotherapy 
(P<0.01). After specific therapy, BMFF was also significantly 
higher than under normal conditions (P<0.01) (Fig.2).  

Discussion
Malignant leukemic processes in the BM affect the 

cellularity and composition of the BM, which inevitably leads 
to changes in signal intensity of bone structures on MRI.(11) 

In healthy adolescents, bones have a moderately hyperintense 
signal on T1-weighted (T1WI) and T2-weighted (T2WI) 
images, as compared to the surrounding muscles. In case of 
malignant transformation of the BM, signal intensity on T1WI 
and T2WI is similar to that of the surrounding muscles. After 
chemotherapy, the signal intensity of the BM on T1WI and 
T2WI becomes significantly higher than the signal intensity of 
the muscles, and is then comparable to that of the subcutaneous 
fat (Fig.3). Although visual assessment is more applicable in a 
clinical setting, it is not objective and cannot provide us with 
any quantitative data, so it may not be sufficient to evaluate 
BM involvement at the time of investigation. 

The signal intensity (SI) of BM is different on T1W 
images for the patients with hematological disorders and for 
the healthy control group.(12) Assessment of the BMFF, defined 
as a ratio of the fat content to the water content within a chosen 
area, can be used as a biomarker of changes in the BM.(7)

In this study, we used a multiple echo DIXON FFE 
sequence (mDIXON Quant) for the quantification of fat and 
water. There are several factors influencing the accuracy of 
tissue fat quantification, such as fast T2* signal decay, field 
inhomogeneities, the complexity of the spectral model of fat, 

Table 3.
Fat fraction in the three groups of study patients in the ROI

Group
Fat fraction (mean ±SD, %)

Ilium L Ilium R L4 L5

Healthy controls
(n=24) 52±11 50±12 31±9 32±12

Patients with 
ALL 

The acute
phase of the
disease
(n=20)

3.2±2.7 3.7±3.3 2.6±1.9* 2.9±2.5

P-value P<0.01* P<0.01* P<0.01* P<0.01*

After
chemotherapy
(n=10)

78±9 78±7 64±13 66±13

P-value P<0.01^ P<0.01^ P<0.01^ P<0.01^

*- between healthy controls and acute phase of ALL
^- between healthy controls and after chemotherapy; between acute   

     phase of ALL and after chemotherapy

Fig. 2. A chart showing the range of fat fraction values (%) 
in the three groups of patients in the four regions of interest.

Fig. 3. Pelvic bone MRI in the coronal plane. (a-b) A healthy 
control without any hematologic diseases, T1WI and T2WI; (c-
d) A female patient in the acute phase of ALA before treatment, 
T1WI and T2WI/STIR; (e-f) A male patient undergoing 
chemotherapy, T1WI and T2WI.
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and T1 effects. The mDIXON-Quant sequence with multiple 
echoes helps us to avoid these confounding factors by using 
a low flip angle to minimize influence of T1 effects and by 
taking into account spectral complexity of the fat signal model 
and T2* correction.(13,14) 

According to the international guidelines, the preferred 
site for BM aspiration in children is the iliac crest.  For this 
reason, we used a large field of view (FOV), which covered 
both iliac bones.(15) Since in a number of articles on BM 
examination vertebrae were chosen as a region of interest, we 
also included the lumbar spine in the FOV.(16)

BM that changes drastically during a person’s life is 
very susceptible to pathological processes occurring in the 
body. Starting from prenatal development and up to the age 
of 30, red BM is gradually being replaced by yellow BM.(16) In 
order to avoid unreliable results, the healthy controls and the 
patients included in the study were of the same age. 

In the group of controls, the fat content in the vertebrae 
was, on average, 20% lower than in the iliac bones. This may 
be associated with a higher BM cellularity in the vertebrae and 
fatty bone marrow conversion in children and adolescents, which 
occurs in the vertebrae and ribs much later than in other bones.(17) 

MRI for the measurement of BMFF is applied in a number 
of hematologic and bone disorders: to assess focal changes 
in bones,(18) in osteoporosis,(19) in Gaucher disease,(20) and to 
evaluate treatment response in patients with myelofibrosis.(21)

The majority of studies include only adult patients; therefore, 
there is a lack of data on children. In the literature, there is 
only one pilot study, which included four patients with ALL 
before the initiation of a specific therapy.(22) Samet et al.(22) 
showed that BMFF in children with ALL was below 10%, 
which correlates with our results. Our study included more 
subjects and the BM assessment was performed not just before 
the initiation of treatment but also during chemotherapy. 

This study demonstrated that the BM water-fat ratios 
in children with ALL vary depending on clinical status and 
significantly differ from normal values. A decrease in BMFF 
below 10% in patients in the acute phase of the disease may 
be associated with the total infiltration of the BM by abnormal 
cells, and the displacement of adipocytes.(23) Cytoreductive 
chemotherapy significantly reduces the number of both 
abnormal and normal cells in the BM, resulting in “exhaustion” 
of BM. Hematopoietic cells are replaced by adipocytes, and at 
that time, the BMFF increases to over 70%.(5) 

In conclusion, quantitative MRI assessment of BMFF 
is a promising technique, allowing for the assessment of 
BM cellularity as a longitudinal study. This study provides 
important diagnostic information for various phases of 
ALL treatment, especially in suspected cases of resistant or 
recurrent disease. 
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