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Abstract: Multiple myeloma and other plasma cell disorders infiltrate the bone marrow in different
patterns. While some patients show a homogeneous distribution of the clonal plasma cells others
present with focal accumulations, commonly called focal lesions. Novel imaging techniques can pro-
vide information on these infiltration patterns and, due to their low invasiveness, can be performed
repeatedly and therefore be used for monitoring. Conventional magnetic resonance imaging (MRI)
has a high sensitivity for bone marrow assessment but cannot safely differentiate between active
and inactive lesions. Therefore, positron emission tomography, especially combined with computed
tomography (PET/CT), has been more widely used, at least for the monitoring of treatment response.
Comparative, but mostly retrospective studies, have shown that functional MRI techniques, namely
diffusion-weighted imaging (DWI), which assesses the movement of water molecules, can evaluate
tissue cellularity with high sensitivity, which challenges the dominance of PET/CT in treatment
response assessment. This review will discuss the benefits and challenges of DWI and compare it to
other available imaging techniques used in patients with monoclonal plasma cell disorders.
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1. Monoclonal Plasma Cell Disorders

Multiple myeloma (MM) is a malignant manifestation of a group of disorders char-
acterized by the infiltration and proliferation of clonal plasma cells, mainly in the bone
marrow [1]. It is persistently preceded by the precancerous stage of monoclonal gammopa-
thy of undetermined significance (MGUS), and by an intermediate stage of smoldering
multiple myeloma (SMM) [2]. While, in general, individuals with MGUS have a risk of
progression into symptomatic disease of between 7% and 30% in 20 years [3], patients with
SMM show a time to progression of between 2 and 10 years [4]. Both MGUS and SMM
are defined by a lack of clinical symptoms. Typical manifestations of MM are elevated
serum calcium levels, renal insufficiency, anemia and bone disease, summarized as the
so called “CRAB” criteria [5]. Osteolytic lesions and hypercalcemia are caused by an
over-activation of osteoclasts by the malignant plasma cells. While high calcium levels
are rather rare at first diagnosis, about 80% of patients show some form of bone disease
at initial presentation [6]. Osteolytic lesions can lead to fractures which have a significant
impact on the quality of life of patients. Predicting and preventing bone destruction has a
high priority in the care of myeloma patients. Retrospective analyses of osteolytic lesions
in imaging have revealed that they appear to be preceded by focal lesions which can be
detected by MRI, as well as by PET [7,8].
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2. Imaging in Monoclonal Plasma Cell Disorders

The technique initially used to identify myeloma bone disease was conventional
skeletal survey. However, comparative studies have shown that this modality misses
bone destruction in about 25% of patients compared to CT [9]. Therefore, whole body
low dose CT is the current standard imaging modality for screening in patients with
suspicion of multiple myeloma [10]. While CT has the highest sensitivity for the detection
of changes in the mineralized bone, its sensitivity for detection of bone marrow infiltration
is limited, especially in areas with cancellous bone because of the high radio density of
bone compared to the bone marrow. Therefore, imaging techniques with higher contrast
for soft tissue allow for the detection of bone marrow changes even before bone destruction
has occurred. MRI has multiple advantages over PET/CT, including no radiation exposure,
no pre-examination nutrition requirements, and no reliance on tumoral cell metabolism.

2.1. MRI in Myeloma

MRI has been used in multiple myeloma for many years due to its sensitivity for
detecting compression fractures, spinal cord impairment, bone marrow composition, and
bone marrow edema, without the need for ionizing radiation or potentially nephrotoxic,
iodine-based, contrast agents [11]. It has the advantage of visualizing bone, bone marrow,
and extra-osseous soft-tissue abnormalities. Advances in MRI acquisition techniques have
allowed for whole-body screening studies to be acquired in a reasonable time frame and
with acceptable resolution, thereby increasing the ability of patients to cooperate [12]. MRI
could also evaluate the chronicity of fractures and distinguish pathologic from insufficiency
fractures [13]. State-of-the-art MRI sequences, such as diffusion-weighted imaging (DWI),
could also assess response to treatment more accurately.

2.2. Early Detection

In the early stages of monoclonal plasma cell disorders, MRI and PET have been
shown to be able to detect changes in the bone marrow in the absence of osteolytic lesions
or osteoporosis caused by myeloma [7,8,14]. A comparison of PET and MRI, specifically
in these patient groups, is currently missing to the best of our knowledge. Follow up
examinations of patients with SMM have shown that not only the presence, but also
the development and growth, of focal lesions on MRI are associated with an adverse
prognosis [15]. Using MRI frequently in smoldering myeloma patients can even prevent
the development of end organ damage in some, but not all, patients. A recent prospective
study by our group has shown that of 96 evaluable patients with SMM (according to the
2014 IMWG guidelines), 22 progressed into myeloma during the observation period and 15
(68%) of them developed end organ damage [16]. With its high sensitivity and the lack of
radiation exposure, MRI is particularly valuable as a screening tool in patients with early
stages of monoclonal gammopathies (Figure 1). However, limitations such as availability
and costs have led to the recommendation to use MRI as a second, rather than first line
screening tool [10].
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Figure 1. Shows a patient with regular whole-body MRIs who developed a focal lesion in his pelvis. PET/CT performed 
at that time confirmed a metabolically active osteolytic lesion which led to the initiation of systemic anti-myeloma treat-
ment. 

2.3. Treatment Monitoring 
Aside from the early detection of disease and prevention of complications, treatment 

monitoring is another area where imaging is being deployed in patients with monoclonal 
plasma cell disorders. Publications from the University of Arkansas reported that residual 
lesions on PET/CT, after induction treatment, and after high dose chemotherapy with au-
tologous stem cell transplantation, are associated with an adverse prognosis [17,18]. In 
fact, the presence of more than three residual focal lesions after induction and any residual 
focal lesions after high dose chemotherapy were significantly adverse prognostic factors. 
The same group was also able to show that residual lesions on conventional MRI are a 
negative prognostic factor, which was confirmed by other research groups, and in patients 
after allogeneic stem cell transplantation [19,20]. However, a comparison of whole body 
PET/CT and conventional spinal MRI, the latter limited due to availability of whole body 
MRI, by the Intergroupe Francophone du Myélome, showed that PET/CT more reliably 
predicted outcomes [21]. This is most likely explained because it can show metabolic ac-
tivity while conventional MRI shows morphological features only. With regard to residual 
lesions on MRI, it has been shown that these lesions take a longer time to resolve, possibly 
because even necrotic tissue can still be present inside osteolytic lesions for several months 
[18]. But there are other interesting features when it comes to residual lesions on MRI. A 
retrospective analysis of patients treated in the German-speaking myeloma multicenter 
group MM5 trial revealed that patients who had cystic transformation of their lesions had 
a worse prognosis and showed a higher proliferation index in gene expression profiling 
of their myeloma cells [22]. While the exact histologic correlate of these cystic lesions is 
unclear at this time, MRI and DWI are the only imaging techniques currently used in my-
eloma that can provide this information about lesions responding to treatment. 

Whole-body DWI, which has become more and more available in larger centers, can 
improve some of the shortcomings of conventional MRI mentioned above. While direct 
comparisons of conventional MRI and DWI in myeloma patients are lacking, a whole-
body scan will have a more comprehensive field of view than axial MRI alone. Further-
more, the higher sensitivity and specificity of DWI for the assessment of cellularity in the 
examined tissue is expected to improve the accuracy of assessment of residual focal le-
sions after therapy (Figure 2). 

Figure 1. Shows a patient with regular whole-body MRIs who developed a focal lesion in his pelvis. PET/CT performed at
that time confirmed a metabolically active osteolytic lesion which led to the initiation of systemic anti-myeloma treatment.

2.3. Treatment Monitoring

Aside from the early detection of disease and prevention of complications, treatment
monitoring is another area where imaging is being deployed in patients with monoclonal
plasma cell disorders. Publications from the University of Arkansas reported that residual
lesions on PET/CT, after induction treatment, and after high dose chemotherapy with
autologous stem cell transplantation, are associated with an adverse prognosis [17,18].
In fact, the presence of more than three residual focal lesions after induction and any
residual focal lesions after high dose chemotherapy were significantly adverse prognostic
factors. The same group was also able to show that residual lesions on conventional
MRI are a negative prognostic factor, which was confirmed by other research groups, and
in patients after allogeneic stem cell transplantation [19,20]. However, a comparison of
whole body PET/CT and conventional spinal MRI, the latter limited due to availability
of whole body MRI, by the Intergroupe Francophone du Myélome, showed that PET/CT
more reliably predicted outcomes [21]. This is most likely explained because it can show
metabolic activity while conventional MRI shows morphological features only. With regard
to residual lesions on MRI, it has been shown that these lesions take a longer time to resolve,
possibly because even necrotic tissue can still be present inside osteolytic lesions for several
months [18]. But there are other interesting features when it comes to residual lesions
on MRI. A retrospective analysis of patients treated in the German-speaking myeloma
multicenter group MM5 trial revealed that patients who had cystic transformation of their
lesions had a worse prognosis and showed a higher proliferation index in gene expression
profiling of their myeloma cells [22]. While the exact histologic correlate of these cystic
lesions is unclear at this time, MRI and DWI are the only imaging techniques currently
used in myeloma that can provide this information about lesions responding to treatment.

Whole-body DWI, which has become more and more available in larger centers, can
improve some of the shortcomings of conventional MRI mentioned above. While direct
comparisons of conventional MRI and DWI in myeloma patients are lacking, a whole-body
scan will have a more comprehensive field of view than axial MRI alone. Furthermore, the
higher sensitivity and specificity of DWI for the assessment of cellularity in the examined
tissue is expected to improve the accuracy of assessment of residual focal lesions after
therapy (Figure 2).



Hemato 2021, 2 675Hemato 2021, 2, FOR PEER REVIEW 4 
 

 

 
Figure 2. Shows follow up examinations with DWI and PET/CT of a patient treated with standard induction treatment, 
followed by high dose chemotherapy and autologous stem cell transplantation and NK cell infusion, within the setting of 
a clinical trial. The patient responded well to this therapy, achieving minimal residual disease negativity with a corre-
sponding normalization of the bone marrow signal in DWI. 

3. General Application of DWI MRI 
DWI is an MRI technique that is sensitive to random water movements at spatial 

scales at a sub-millimeter range. Normally, water molecules move freely in a large extra-
cellular space relatively unimpeded. The movement of extracellular water depends upon 
a combination of factors including Brownian motion, hydrostatic pressure gradients, and 
active transport. The motion of water molecules is more restricted in tissues with a high 
cellular density associated with numerous intact cell membranes (e.g., tumor tissue). The 
lipophilic cell membranes act as barriers to the motion of water molecules in both the 
extracellular and intracellular spaces. By contrast, in areas of low cellularity or where the 
cellular membrane has been breached, the motion of water molecules is less restricted [23]. 
DWI is very sensitive to the disturbance in the flow of extracellular water that may occur 
due to a narrowing of extracellular space by cellular edema (from ischemia or other injury 
to cells) or due to hypercellularity. 

While application of DWI had for many years been restricted to brain imaging (par-
ticularly for investigation of stroke), because of its inherent sensitivity to motion [24], the 
introduction of echoplanar imaging, and the use of fast acquisition techniques capable of 
imaging during a single breath hold, DWI has found diagnostic applications in imaging 
of other parts of the body including whole-body MRI analysis in myeloma patients [25]. 

4. DWI in Myeloma 

Figure 2. Shows follow up examinations with DWI and PET/CT of a patient treated with standard induction treatment,
followed by high dose chemotherapy and autologous stem cell transplantation and NK cell infusion, within the setting of a
clinical trial. The patient responded well to this therapy, achieving minimal residual disease negativity with a corresponding
normalization of the bone marrow signal in DWI.

3. General Application of DWI MRI

DWI is an MRI technique that is sensitive to random water movements at spatial
scales at a sub-millimeter range. Normally, water molecules move freely in a large extracel-
lular space relatively unimpeded. The movement of extracellular water depends upon a
combination of factors including Brownian motion, hydrostatic pressure gradients, and
active transport. The motion of water molecules is more restricted in tissues with a high
cellular density associated with numerous intact cell membranes (e.g., tumor tissue). The
lipophilic cell membranes act as barriers to the motion of water molecules in both the
extracellular and intracellular spaces. By contrast, in areas of low cellularity or where the
cellular membrane has been breached, the motion of water molecules is less restricted [23].
DWI is very sensitive to the disturbance in the flow of extracellular water that may occur
due to a narrowing of extracellular space by cellular edema (from ischemia or other injury
to cells) or due to hypercellularity.

While application of DWI had for many years been restricted to brain imaging (par-
ticularly for investigation of stroke), because of its inherent sensitivity to motion [24], the
introduction of echoplanar imaging, and the use of fast acquisition techniques capable of
imaging during a single breath hold, DWI has found diagnostic applications in imaging of
other parts of the body including whole-body MRI analysis in myeloma patients [25].

4. DWI in Myeloma

The development of functional MRI sequences such as DWI have revolutionized
the assessment of myeloma lesions from purely anatomic assessment based on size, to
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quantitative assessment based on tissue cellularity and free water molecule movements.
Quantitative imaging with DWI and apparent diffusion coefficient (ADC) maps have been
used for diagnosis, staging, and the assessment of treatment response and disease activity
in myeloma patients, with promising results.

Analyses correlating findings of DWI and histology from bone marrow biopsies of
the pelvis have shown a positive correlation between ADC and bone marrow cellularity
and micro-vessel density [26]. However, application of intravoxel incoherent motion
imaging (IVIM) revealed that DWI parameters are not only dependent on cellularity but
also vascularity, which is an important factor in the pathophysiology of bone marrow
infiltration of myeloma as well [27].

DWI provides high contrast between normal and replaced marrow with the opportu-
nity to assess lesions quantitatively based on ADC maps. This is particularly important for
treatment response assessment in patients with myeloma. DWI has higher lesion conspicu-
ity compared to conventional MRI with T1-weighted and STIR sequence, and a higher
lesion detection rate compared to PET/CT [28]. WB MRI with DWI has been used for the
staging of myeloma and has demonstrated superiority compared with radiographic skele-
tal survey, PET/CT, and conventional MRI, which has a substantial impact on treatment
planning [29–31].

WB-MRI with DWI provides the opportunity for the quantitative analysis of the entire
bone marrow after treatment. DWI is more sensitive for treatment response assessment
compared with anatomic MRI sequences, which is mainly size-based assessment [26,32].
Effective treatment results are intra-lesional hemorrhage, necrosis, and edema due to tumor
cell death and vascular congestion. This results in changes in the signal fat fraction, which
could be used as a surrogate marker for treatment response [33].

In addition, differentiation of benign tumors from pathologic vertebral compression
fractures could more reliably be performed when quantitative diffusion measurements are
available [13]. Thereby diagnosis is based on the contrast to normal bone marrow with
a higher fat content, especially in the aging population who account for most myeloma
patients. Hypo- or iso-intensity reflects acute benign collapse, whereas hyperintensity is
indicative of the tumorous nature of a fracture. ADC values are significantly lower in
metastatic disease than in bone marrow edema [34] and DWI could differentiate benign
from malignant vertebral body collapse with a sensitivity and specificity of 95.6% and 90%,
respectively [35].

To the best of our knowledge there are no prospective data available for the comparison
of DWI and PET/CT. Two retrospective analyses suggest, however, that DWI has a higher
sensitivity than PET/CT. In a study in a cohort of 227 patients from the University of
Arkansas, 11% of patients were positive in DWI but negative in PET/CT. The authors
attributed this, at least in part, to a lower expression of a gene coding for hexokinase-2
which is an important enzyme in glycolysis and therefore has an impact on glucose uptake
in cells, which then influences the tracer uptake in FDG-PET/CT [28]. In a smaller study
of 24 patients, DWI showed a sensitivity of 77% versus 47% in PET/CT compared to a
combination of conventional MRI and CT [36].

5. Technical Considerations

There are some challenges to using MRI and whole body DWI effectively. DWI, as
an echoplanar technique is very sensitive to distortion from the magnetic susceptibility
artifact which is an artifact resulting from metal, hemorrhage, or any substance in the body,
that results in local heterogeneity of the magnetic field. This artifact can make assessment
of the marrow near surgical hardware or tissue/air interfaces challenging. Magnetic
susceptibility artifacts result in distortions on DWI because it is an echoplanar sequence.
These effects are less prominent with lower field strengths but must be balanced by the
loss of signal and speed that can be achieved with high field strengths. Our experience
suggests 1.5 T is a field strength that provides acceptable imaging speed and signal and
fewer susceptibility artifacts than are seen at 3 T. Currently MRI systems cannot cover
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an entire body with a single scan. For whole-body imaging, multiple stations of image
acquisition are needed, thereby requiring software to combine the segments into a full body
image. Motion of the patient either on a gross or physiological scale between acquisitions
can result in misregistration artifacts at the connection points of the segments, complicating
image interpretation. Fortunately, continued improvement in MRI technology and image
reconstruction, including the use of artificial intelligence to decrease image noise and
artifacts, promises to reduce these challenges over time.

6. Limitations

Limitations of the use of DWI in patients with monoclonal plasma cell disorders are
the combined effect of perfusion and cellularity on quantitative assessments which makes
more sophisticated analyses necessary that might not be available in clinical routine [27].
Furthermore, the T2-shine-through effect, especially in cystic lesions with a high signal
in DWI despite absent vital tumor cells, can be challenging and still make comparison
with conventional sequences necessary. Currently, there are no guidelines for standardized
quantification available to assess ADC values uniformly since this parameter depends on
b-values which are part of the setting of the MRI scanner at image acquisition.

7. Future Directions

New developments in this field include especially the use of hybrid techniques com-
bining PET and MRI with DWI. Since WB-MRI is the most sensitive technique for detecting
myeloma lesions and staging the disease, adding functional information from DWI and
PET could add value to treatment response evaluation. Therefore, whole-body PET/MRI
could be a one-stop-shop examination, including the most sensitive technique for detecting
bone marrow involvement, and the most recognized technique for treatment response
evaluation.

Furthermore, imaging findings should be integrated into the assessment of minimal
residual disease, and, eventually, imaging findings could help to guide therapy and identify
patients who do not respond to a certain treatment early on.

8. Summary

MRI has the distinct advantage of avoiding the need for ionizing radiation and nephro-
toxic contrast agents, and reliably detecting areas of hypercellularity with high sensitivity,
especially when diffusion-weighted techniques are applied. Circumstances where this is
of particular value include the early stages of monoclonal plasma cell disorders and the
assessment of treatment response.
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