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Abstract
Five MRI patterns of marrow involvement (diffuse, focal, combined diffuse and focal, variegated, and normal) are observed 
in patients with a marrow proliferative disorder including MM. The wide range of marrow involvement patterns in mono-
clonal plasma cell proliferative disorders mirrors that of their natural histories that can vary from indolent to rapidly lethal. 
MRI of the axial bone marrow contributes to stage these disorders, but it should not be obtained for disease detection and 
characterization because of its limited specificity and sensitivity. At MRI, diffuse benign hematopoietic marrow hyperplasia 
and marrow heterogeneities in elderly patients mimic the diffuse and variegated patterns observed in MM patients. Care-
ful analysis of fat- and fluid-sensitive MR images and quantitative marrow assessment by using MRI and FDG-PET can 
contribute in differentiating these changes from those associated with neoplastic marrow infiltration, with some residual 
overlapping findings.
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Abbreviations
ADC	� Apparent diffusion coefficient
BHMH	� Benign hematopoietic marrow hyperplasia
CT	� Computed tomography
FO	� Fat-only
FDG-PET	� [18]Fluoro-deoxyglucose positron emission 

tomography
G-CSF	� Granulocyte-colony stimulating factors
GE	� Gradient echo
IP	� In-phase
ISS	� Multiple myeloma international staging 

system
MM	� Multiple myeloma
MRI	� Magnetic resonance imaging
SD	� Salmon–Durie
SE	� Spin echo

SUV	� Standardized uptake value
WO	� Water-only

Introduction

The bone marrow is merely responsible for oxygen trans-
portation, coagulation, and immunity. It contains the hemat-
opoietic cells (erythrocytes, megakaryocytes, lymphoid and 
myeloid cells, and pluripotent mesenchymal stem cells) that 
have numerous and complex interactions with marrow adi-
pocytes within a well-organized framework provided by the 
bony trabeculae lined by a fibrous reticulum [1].

Magnetic resonance imaging (MRI) thanks to its unparal-
leled sensitivity to the presence of fat and the very limited 
influence of mineralized tissue on MRI signal provides a 
non-invasive insight on the bone marrow by enabling to map 
local, regional, or systemic variations in marrow water/fat 
balance through variations in marrow signal, homogeneity, 
and location [2, 3].

Bone marrow MRI in patients with marrow-born lym-
pho- or myelo-proliferative disorders can be challenging 
in many aspects: (a) the proliferating cells are home in the 
medullary cavity and they may infiltrate the medullary cav-
ity without altering the marrow water/fat balance; (b) focal 
marrow changes may be due to the proliferating cells but 
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also to regenerating red marrow; and (c) diffuse marrow 
changes may be related with diffuse marrow infiltration but 
also with disease- or patient-associated metabolic marrow 
changes including anemia, iron-overload, cachexia, or pre-
existing diseases [4].

In everyday practice, the radiologist has to decide if 
MRI findings are normal or abnormal and has to assign his/
her findings as clinically significant or non-significant [5]. 
The current article will emphasize reading skills that are 
needed to accurately analyze readily available fat- and fluid-
sensitive MR sequences with or without fat cancellation, 
including the Dixon-derived sequences. The contributions 
of quantitative MRI and [18]fluoro-deoxyglucose positron 
emission tomography ([18]FDG-PET) techniques are still 
under development [6–10].

MRI of normal red marrow

Signal intensity, morphology, and location of red marrow are 
key parameters to assess for accurate reporting of bone MRI 
examinations. As a rule of thumb, the signal intensity of nor-
mal red marrow in adults is intermediate on fat- and fluid-
sensitive SE sequences (Fig. 1) [3, 11, 12]. On fat-sensitive 
sequences including the T1-weighted spin-echo (SE), the 
T1-weighted gradient-echo (GE), and the fat-only sequences 
derived from the T1- and T2-weighted Dixon sequences, 
red marrow signal intensity is intermediate, that is higher 
than that of normal lumbar intervertebral discs or that of 
muscles [2, 3, 11, 12]. Red marrow signal intensity is also 
intermediate on the corresponding fluid-sensitive sequences 

with or without fat cancellation. Finally, normal red marrow 
shows moderate signal enhancement on fat-sensitive images 
obtained after gadolinium-derived contrast material [13, 14].

This intermediate signal intensity of red marrow on 
fat- and fluid-sensitive sequences and its moderate signal 
enhancement after contrast injection most likely derive 
from its cellular and chemical content. Red marrow con-
tains about 40% adipocytes and 60% hematopoietic cells 
with large sinusoids [15]. Its chemical composition is about 
40–60% lipid, 20–40% water, and 10–20% proteins [15]. The 
contribution of iron to marrow MRI signal remains poorly 
understood [13]. In contradistinction with previous observa-
tions, red marrow can have a low signal intensity on some 
gradient-echo images due to bone-associated magnetic field 
heterogeneities and on opposed-phase images due to the 
cancellation of fat and water proton signals when recorded 
protons are out-of-phase [13].

Morphology and location of red marrow also deserve 
attention. Red marrow that occupies almost the entire 
skeleton at birth progressively converts to yellow marrow, 
starting distally in the limbs and centrally in the long bones 
in a highly predictable manner [16]. Red-yellow marrow 
interface at MRI is generally ill-delimited with a progres-
sive transition between red and yellow marrow. In adults, 
the interface between the centrally located red marrow and 
the peripherally located yellow marrow is frequently found 
in the proximal appendicular bones, i.e., humerus and femur 
[17].

The possibility of yellow marrow to reconvert to red 
marrow is associated with expansion of red marrow in the 
appendicular skeleton [13]. Pelvic marrow MRI provides 

Fig. 1   Sagittal MRI of the 
lumbar spine in a 48-year-old 
healthy subject with normal 
bone marrow at MRI. a T1 SE, 
b fat-only Dixon T2, c in-phase 
Dixon T2, and d water-only 
Dixon T2 show homogeneous 
and intermediate signal inten-
sity bone marrow

90 Skeletal Radiology (2022) 51:89–99



1 3

insights into the marrow propensity to reconvert. Presence 
of red marrow in the subcortical area of the femoral/humeral 
heads and apophyses is uncommon in adult men but fre-
quent in middle-aged women, probably in association with 
the lower hemoglobin blood level in women than in men 
[18, 19].

MRI patterns of marrow involvement in MM

Five marrow patterns at spinal MRI have been described on 
fat-sensitive MR images: diffuse, focal, combined focal and 
diffuse, variegated, and normal (Figs. 2, 3, 4, 5, 6) [20–22]. 
Patterns of marrow involvement at MRI in untreated MM 
patients are important to assign because of their prognostic 
value in association with blood test findings [20, 22, 23].

The diffuse pattern of marrow involvement is defined 
by the presence of a homogeneous decrease in signal 
intensity of the vertebral bone marrow on fat-sensitive 
sequences (Fig. 2). The marrow signal is lower than or 
isointense to that of normal intervertebral lumbar discs or 
muscles. On fluid-sensitive sequences, the marrow signal 
varies from intermediate to high and from homogeneous 
to heterogeneous. On fluid-sensitive sequences, visual 
assessment is limited by the lack of reliable qualitative 
internal reference standard with which it can be compared 
to decide whether the intensity is normal or not. Many 
quantitative MRI parameters including at dynamic con-
trast-enhanced MRI are abnormal in patients with diffuse 
marrow changes and may be of prognostic significance 
[7, 24–27]. The focal pattern of marrow involvement in 
MM is defined by the presence of a well-delimited focal 

area with a diameter ≥ 5 mm of decreased signal intensity 
on fat-sensitive sequences that shows high signal inten-
sity on fluid-sensitive sequences, on diffusion-weighted 
images, and on gadolinium-enhanced images (Fig. 3) [8]. 
The decrease in signal intensity on T1-weighted images 

Fig. 2   A 53-year-old with SD 
IIIA (ISS 2) MM and diffuse 
pattern of marrow involvement 
at MRI. a Sagittal T1 SE image 
of the lumbar spine demon-
strates a diffuse pattern of 
marrow involvement. Vertebral 
marrow signal intensity is lower 
than that of intervertebral discs 
and is abnormal. b Water-only 
Dixon T2 image demonstrates 
a diffuse increase in marrow 
signal intensity (compare with 
Fig. 1d). c Coronal T1 SE image 
of the right femur shows low 
signal intensity of the femoral 
marrow with expansion of non-
fatty marrow in femoral head 
and greater trochanter

Fig. 3   A 59-year-old man with SD IIIA (ISS 1) MM and focal pattern 
of marrow involvement at MRI. a Sagittal T1 SE image of the lumbar 
spine demonstrates a focal low signal intensity marrow lesion in L5 
(arrow). b Water-only Dixon T2 Dixon image demonstrates high sig-
nal intensity in the L5 lesion. Bone marrow of other lumbar vertebral 
bodies is within normal limits. Blind iliac crest biopsy demonstrated 
low tumor burden with 9% abnormal plasma cells. c Coronal T1 SE 
image of the right femur shows a normal marrow pattern with fatty 
marrow in femoral head and greater trochanter
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is usually moderate in MM patients and lesion signal 
intensity ranges from slightly lower than to isointense to 
adjacent red marrow. The transition zone with the adja-
cent marrow is usually sharp and, rarely, a rim of fat-like 
signal surrounds the lesion.

The variegated or “pepper and salt” pattern of marrow 
involvement is defined by the presence of tiny foci or 
nodules (< 5 mm) disseminated in a background of nor-
mal appearing marrow on fat-sensitive sequences (Fig. 4) 
[22]. The signal generally remains low to intermediate on 
fluid-sensitive sequences and occasionally tiny areas of 
high signal intensity can be seen on fluid-sensitive and 
on fat-cancelled gadolinium-enhanced images (Fig. 5). 
The “pepper and salt” appearance may be subtle in the 
vertebral marrow and more conspicuous in proximal 
femur marrow because the abnormal marrow pattern is 
superimposed on a more fatty background marrow. On 
T1-weighted images obtained after gadolinium injection, 
signal enhancement is increased to a variable degree but 
can be very subtle [7]. Little is known on the variegated 
pattern as it is observed more frequently in indolent or 
smoldering forms of proliferative marrow disorders that 
are underrepresented in or excluded from large studies 
with MM patients [27]. Actually, international classi-
fication systems used for MM patients are reluctant to 
introduce the variegated pattern in their system probably 
because of the lack of clear definition criterion and the 

lack of validated semi-quantitative assessment of this 
involvement pattern [8, 28].

The normal marrow pattern of involvement is defined by 
the presence of a normal appearing bone marrow at MRI, 
without focal or diffuse marrow changes (Fig. 6). This pattern 
can be present in up to one-third of MM patients in prospec-
tive series before treatment and is more frequently observed in 
patients with low tumor burden, with less than 30% of plasmo-
cytes at bone marrow biopsies [23]. Lumbar spine ADC values 
of MM patients with normal marrow patterns or derived from 
normal appearing marrow areas at MRI range within normal 
limits [27].

Diffuse benign hematopoietic marrow 
hyperplasia

Diffuse benign hematopoietic marrow hyperplasia (BHMH) 
has been fortuitously discovered at MRI in middle-aged obese 
women, in heavy smokers, and in long distance runners [29, 
30]. Diffuse BHMH has also been observed at MRI in patients 
with hemoglobinopathies [31], with systemic inflammation 
[32–34], or with cancer during treatment with granulocyte-
colony stimulating factors (G-CSF) [35–38]. In some condi-
tions, the erythopoietic cell lineage is predominantly stimu-
lated, whereas, in others, the granulocyte cell lineage is more 
stimulated [33, 34].

Diffuse BHMH is associated with a decrease in signal 
intensity of the vertebral marrow on fat-sensitive and on 
fluid-sensitive sequences (Figs. 7, 8). The decrease in signal 
intensity on fat-sensitive images could be associated with a 
decrease in proton-density marrow fat fraction and in ADC 
values in situation with erythopoietic cell lineage stimulation, 
whereas, in situation with granulocyte cell lineage stimula-
tion, signal change could be associated more with iron-related 
changes in R2* than with fat-fraction [33].

Diffuse BHMH should not be confused with diffuse 
neoplastic infiltration [26, 35, 39]. As a rule, spine MRI of 
patients with BHMH shows a signal that should be similar 
to that of red marrow, i.e., intermediate to low on fat- and 
fluid-sensitive MR images with limited signal enhancement 
after gadolinium injection. Any deviation of the marrow 
signal intensity from that of normal red marrow should be 
considered as abnormal. Signal void in vertebral marrow on 
fat-only Dixon T2 images should be not observed in patients 
with diffuse BMHM probably due to the presence of residual 
fat. Signal void indicates absence of residual fat and should 
be observed only in patients with complete marrow infil-
tration [12]. Several quantitative MRI and FDG-PET tech-
niques have been used in this challenging issue, with more 
experience in the focal than in the diffuse form of BHMH 
[37–40]. A marrow fat fraction of at least 20% in the focal 
form of BHMH has been proposed to distinguish the focal 
form of BHMH from focal neoplastic bone lesion [38, 40]. 

Fig. 4   A 64-year-old man with SD IIIA (ISS 2) MM and variegated 
pattern of marrow involvement at MRI. a Sagittal T1 SE image dem-
onstrates a variegated pattern of marrow involvement. Multiple tiny 
areas of decreased signal intensity (arrows) are visible. b Water-only 
Dixon T2 image demonstrates dissemination of high signal intensity 
nodules. c Coronal T1 SE image of the right femur shows an abnor-
mal marrow with a variegated pattern in femoral neck and non-fatty 
marrow in femoral head and greater trochanter
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Fig. 5   Sagittal MRI of the lumbar spine in a 62-year-old woman with 
SD IIIA (ISS 3) MM. a T1 FSE demonstrates marrow signal slightly 
superior to that of intervertebral discs. b Water-only Dixon T2 dem-
onstrates disseminated foci of high signal intensity suggestive of dif-

fuse marrow infiltration. Contrast-enhanced c T1 FSE image and d 
Water-only Dixon T1 image demonstrated abnormal and heterogene-
ous marrow enhancement

Fig. 6   Sagittal MRI of the 
lumbar spine in an 81-year-old 
man with SD IIA (ISS 1) MM 
and normal marrow pattern at 
MRI. a T1 SE and b Water-
only Dixon T2 demonstrate a 
normal signal intensity pattern. 
c Coronal T1 SE image of the 
right femur shows a normal 
marrow pattern with fatty mar-
row in femoral head and greater 
trochanter. There was no focal 
marrow lesion elsewhere in 
the skeleton. Blind iliac crest 
biopsy demonstrated low tumor 
burden with 26% abnormal 
plasma cells
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Early results are promising, but variations in study design 
and lack of standardization of imaging protocols limit their 
use in clinical practice.

Bone marrow heterogeneities at MRI 
in elderly patients

Before the fourth decade of life, normal vertebral mar-
row shows almost homogeneous signal intensity on fat- 
and fluid-sensitive MRI sequences. Several patterns of 
vertebral marrow heterogeneities can be observed due 
to non-random local variations in marrow cellularity 
within the vertebral body [41]. More cellular marrow 
may predominate near the vertebral end-plates or in the 
anterior aspects of the vertebral bodies; less cellular 
marrow may surround the vertebral basilar veins [41]. 
These vertebral marrow heterogeneities are observed in 
all vertebral bodies of the same subject.

After the fourth decade of life, normal vertebral marrow 
signal may become more heterogeneous at MRI. A care-
ful analysis of the fat-sensitive MR images is needed to 
recognize the origin of vertebral marrow heterogeneities 
at visual inspection. Marrow heterogeneity associated with 

disseminated foci of high signal intensity on fat-sensitive 
sequences (Fig. 9) should be considered as a non-signif-
icant finding [42]. In that situation, foci of normal red 
marrow have concave margins due to the presence of fat 
deposits.

A more challenging pattern of marrow heterogene-
ity is associated with disseminated foci of decreased 
signal intensity that mimics the variegated pattern seen 
in patients with proliferative marrow disorders (Figs. 9, 
10). In this situation, the low signal intensity foci have 
convex margins that differ from the previous non-wor-
risome heterogeneity pattern (Figs. 9,10). The tendency 
of hematopoietic cells to cluster and form islands in the 
medullary cavity is well known [43]. If large enough, 
these confluent islands could become visible at MRI. 
These presumed red marrow foci are randomly distrib-
uted in the medullary cavity, but they tend to predominate 
in the peripheral aspects of the vertebral bodies. Their 
margins are sharp if the marrow conversion process is 
advanced and fuzzy if the marrow conversion process is 
limited [17]. Occasionally, spots of high signal intensity 
within the nodule on fat-sensitive images, the so-called 
bull’s eye sign, are an additional argument in favor of a 
non-significant finding (Table 1) [44] These clinically 

Fig. 7   Serial sagittal T1 SE 
MRI images of the lumbar 
spine in a 66-year-old man 
with prostate cancer and bone 
metastases. a Before treatment, 
focal marrow lesions compat-
ible with bone metastases are 
superimposed on a background 
of normal marrow. b During 
chemotherapy associated with 
granulocyte-colony stimulating 
factors, a variegated marrow 
pattern similar to that observed 
in patients with proliferative 
marrow disorders is observed. 
c Three months after treat-
ment, the bone marrow appears 
normal and focal lesions (in a) 
are smaller
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non-significant heterogeneities should have low to inter-
mediate signal intensity on fluid-sensitive images and 
should not enhance on T1-weighted images after gadolin-
ium injection [45]. Lack of changes at follow-up MRI and 
lack of trabecular bone changes on CT are additional fea-
tures observed in patients with clinically non-significant 
marrow heterogeneities. Any deviation from the expected 
red marrow pattern should be considered as most likely 
abnormal (Fig. 11 and 12). As a matter of fact, presence 
of a micronodular pattern with moderate to high signal 
intensity on fat-saturated fluid-sensitive images or with 
signal enhancement after contrast injection should not be 
observed in patients with normal bone marrow (Table 2).

Conclusions

Several MRI patterns of marrow involvement (diffuse, 
focal, combined diffuse and focal, variegated, and nor-
mal) are observed in patients with a marrow proliferative 

disorder including MM The distinction between the dif-
fuse pattern of marrow involvement in MM patients and 
diffuse BHMH in non-oncologic patients remains chal-
lenging. The distinction between the variegated pattern 
in MM patients and marrow heterogeneities in elderly 
patients can also be difficult. To some extent, careful 
analysis of readily available fat- and fluid-sensitive MR 
images can help to recognize clinically significant from 
non-clinically significant marrow changes. Presence 
of any deviation from the expected signal intensity of 
normal red marrow, i.e., intermediate signal intensity 
of fat- and fluid-sensitive sequences and no or limited 
enhancement on gadolinium-enhanced images, should 
be considered as worrisome. Quantitative MRI param-
eters are promising albeit immature tools to complement 
qualitative analysis. Standardization, repeatability, and 
reproducibility need further investigations. Radiomics 
will probably play a role in capturing data that will help 
to differentiate between proliferative and non-prolifera-
tive marrow changes.

Fig. 8   Sagittal MRI of the 
lumbar spine of a 56-year-old 
man with bacterial endocarditis 
(Galactiae). His C-reactive pro-
tein blood level (112) indicates 
systemic inflammation. a On the 
T1 SE image, the marrow signal 
intensity is lower than that of 
adjacent disks and is abnormal. 
b On the fat-only Dixon T2 
image, the lack of signal void in 
vertebral bone marrow suggests 
the presence of residual fat 
in marrow. c On the in-phase 
Dixon T2 image, the vertebral 
bone marrow demonstrates 
marked decrease in signal inten-
sity suggesting inflammation-
associated diffuse bone marrow 
hyperplasia. Three months 
later, after successful antibiotic 
therapy, d T1 SE, e fat-only, and 
f in-phase demonstrate a return 
to a normal marrow signal pat-
tern. C-reactive protein blood 
level is 1.1
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Fig. 9   Sagittal MRI of the lumbar spine in an otherwise healthy 
83-year-old woman with lumbar canal stenosis and heterogene-
ous marrow at MRI. Intermediate signal intensity nodules (arrows) 
on the a T1 SE and on b the fat-only Dixon T2 images also demon-

strate intermediate signal intensity on the c in-phase and d water-only 
Dixon T2 images. They are compatible with island of more cellular 
normal red marrow

Fig. 10   Sagittal MRI of the 
lumbar spine of a 92-year-old 
woman with normal blood tests. 
Areas (arrows) with intermediate 
signal intensity on a T1 SE and 
b in-phase Dixon T2 images are 
compatible with normal red mar-
row. They also demonstrate signal 
intensity similar to that of adjacent 
red marrow on the c water-only 
Dixon T2 image. This signal inten-
sity pattern is compatible with 
normal red marrow and no change 
was demonstrated at follow-up

Table 1   Marrow MRI features 
observed on fat-sensitive images 
in clinically not-significant 
marrow heterogeneities 
observed in elderly patients 
and in the variegated pattern in 
patients with MM

Non-worrisome features suggest clinically non-significant changes. Worrisome features suggest clinically 
significant changes. The absence of worrisome features decreases but does not exclude the likelihood of a 
significant condition

Non-worrisome features Worrisome features

Signal intensity Moderate decrease Marked decrease
Signal homogeneity Heterogeneous with central high signal Homogeneous low
Margins Ill-delimited Sharp
Post-gadolinium enhancement None to very subtle Obvious
Post-gadolinium enhancement after fat-

cancellation
subtle Obvious
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Table 2   Marrow MRI features observed on fluid-sensitive images in clinically not-significant marrow heterogeneities observed in elderly 
patients and in the variegated pattern in patients with MM

Non-worrisome features suggest clinically non-significant changes. Worrisome features suggest clinically significant changes. The absence of 
worrisome features decreases but does not exclude the likelihood of a significant condition

Non-worrisome features Worrisome features

Signal intensity without fat-cancellation Moderate decrease Intermediate to high
Signal intensity after fat-sat Low to moderate High
Number or signal change at follow-up MRI None Possibly

Fig. 11   Sagittal MRI of the lumbar spine of a 65-year-old man with 
SD IIIA (ISS1) MM. An area with intermediate signal intensity on a 
T1 SE and b in-phase Dixon T2 images could be compatible with red 
marrow. However, its signal intensity on c the water-only Dixon T2 

image differs from that of normal bone marrow and the lesion is no 
longer compatible with normal red marrow. A bone lesion appeared 
at follow-up CT (not shown)

Fig. 12   A 55-year-old woman 
with systemic mastocytosis. 
Sagittal a T1 SE and b water-
only Dixon T2 images of the 
lumbar spine demonstrate a 
variegated pattern on the T1 SE 
image. c Coronal T1 SE image 
of the right femur shows low 
signal intensity in the femur 
with expansion of non-fatty 
marrow in femoral head and 
greater trochanter
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