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/Abstract N

Magnetic resonance imaging (MRI) of bone marrow is characterized by four primary determinants: fat water distribution, susceptibility ar-
tifacts arising from bone trabeculae, molecular diffusion, and contrast media uptake. The assessment of fat and water composition utilizes
T1-weighted spin-echo, short tau inversion recovery (STIR), fast STIR, in and out-of-phase gradient echo, and fat pre-saturation sequences.
Trabecular bone is visualized via gradient echo sequences with long echo times (TE), while diffusion is assessed using single-shot spin-echo
techniques. Furthermore, the administration of contrast media provides a streamlined and efficacious method for enhancing diagnostic speci-

ficity. The utility and limitations of these protocols are evaluated herein regarding marrow replacement disorders including metastases, lym-

phoma, and leukemia as well as myeloid hyperplasia and depletion.
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Introduction

Unlike soft-tissue or solid organ metastases, bone lesions have long
been considered non-measurable due to the limited sensitivity and
quantitative precision of standard imaging techniques (SS, radiogra-
phy, and CT). This article evaluates the limitations of these conven-
tional modalities and the potential of PET, while primarily focusing
on magnetic resonance imaging (MRI). We propose morphological
and quantitative methodologies for assessing treatment response in
bone marrow using anatomical MRI and review recent advancements
in functional imaging, specifically dynamic contrast-enhanced (DCE)
and diffusion-weighted imaging (DWI) [1].

Assessing therapeutic response is fundamental to clinical decision-
making, guiding determinations regarding the continuation, modifi-
cation, or cessation of routine regimens and investigational agents.
While morphological and functional imaging are pivotal for evaluat-
ing primary tumors and soft-tissue metastases-supported by vali-
dated quantitative metrics such as RECIST and WHO criteria [2], no
comparable standardized tools currently exist for osseous lesions.
Consequently, the assessment of disease progression in bone relies
heavily on 'skeletal-related events' (SREs), a metric with well-doc-
umented limitations [3]. There is a critical need for robust clinical
endpoints that serve as prognostic indicators for disease trajectory,
complication risks, and survival outcomes. Ultimately, while treat-
ment response is a known determinant of survival, this prognostic
link remains elusive in patients with predominant or exclusive bone
involvement due to the paucity of accurate monitoring techniques

For years, the lack of sensitivity, specificity, and measurable param-
eters in skeletal scintigraphy (SS), radiography, and computed to-
mography (CT) has rendered bone lesions 'non-measurable,' in sharp

contrast to the standardized evaluation of visceral and soft-tissue
neoplasms. This review critically examines the limitations of such
conventional modalities and the emerging role of positron emission
tomography (PET), yet centrally emphasizes the diagnostic superior-
ity of magnetic resonance imaging (MRI) [4]. It delineates practical
morphological and quantitative protocols for monitoring therapeutic
efficacy in bone marrow via anatomical MRI and further explores the
integration of novel functional techniques, including dynamic con-
trast-enhanced (DCE) imaging and diffusion-weighted imaging (DWI1).
Predicated on its widespread availability and economic viability,
skeletal scintigraphy (SS) has long been the cornerstone of staging
for osteotropic neoplasms. The modality employs a diphosphonate-
bound 99m-technetium radiotracer to target sites of osteoblastic
proliferation. This physiological basis, however, renders the tech-
nique less sensitive to predominantly osteolytic pathologies. Modern
cross-sectional and functional imaging (MRI and PET) demonstrates
superior detection rates, identifying lesions in a significant subset of
SS-negative patients. This diagnostic discordance has profound clini-
cal implications, necessitating the use of high-sensitivity modalities
to confirm the absence of metastases prior to initiating curative in-
terventions [5-6].

Conventional radiography remains the frontline modality for inves-
tigating localized symptomatology and diagnosing pathological frac-
tures. Nevertheless, its application in routine metastatic surveillance
is negligible—excluding cases of multiple myeloma (MM) due to
significant limitations in sensitivity. Notably, the detection of osteo-
lytic trabecular lesions requires a mineral depletion of 30-75% [7]. In
current clinical practice, radiographic imaging is therefore restricted
to the clarification of equivocal scintigraphic data, the morphologi-
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cal differentiation of osteolytic versus osteoblastic activity, and the
evaluation of impending structural compromise.

Plain radiography is unsuitable for the systematic evaluation of treat-
ment response due to significant diagnostic limitations. Radiographic
indicators of healing such as peripheral sclerosis, re-ossification, and
increased density-are frequently ambiguous, absent, or subject to
substantial temporal latency despite clinical improvement [8-9]. In
the context of multiple myeloma (MM), while radiographs remain
integral to the Durie and Salmon staging system, the substitution of
this modality with MRI is increasingly advocated to facilitate the early
detection of high-risk or advanced disease [10]. Furthermore, radio-
graphic skeletal surveys offer limited utility for longitudinal follow-up,
as lytic defects often persist morphologically even when MRI demon-
strates clear evidence of therapeutic response [11].

The main objectives of magnetic resonance imaging (MRI) in the
management of metastatic bone disease are the early detection, ac-
curate characterization, and longitudinal quantification of osseous
lesions. Unlike conventional radiography or scintigraphy, MRI offers
superior contrast resolution, enabling the identification of intramed-
ullary metastases prior to cortical destruction. This high sensitivity
facilitates precise staging and the differentiation of malignant depos-
its from benign etiologies or infection. Furthermore, advanced func-
tional MRI sequences, such as diffusion-weighted imaging (DWI), aim
to provide quantitative biomarkers for monitoring therapeutic re-
sponse, allowing clinicians to distinguish active tumor viability from
post-treatment necrosis and fibrosis, thereby guiding timely onco-
logic decision-making.

Patient and Methods

Computed Tomography

Historically, radiation safety constraints have restricted computed
tomography (CT) to targeted anatomical assessments, precluding
its use for systematic skeletal screening. However, the emergence of
multidetector CT (MDCT) combined with advanced dose-reduction
protocols may prompt a reevaluation of this paradigm [11]. While
CT demonstrates superior diagnostic sensitivity compared to plain
radiography and offers simultaneous evaluation of adjacent soft tis-
sues, it remains less sensitive than MRI or PET [12-13]. Furthermore,
CT evaluations of therapeutic response can be confounded by false-
positive findings; specifically, the osteosclerotic remineralization of
previously lytic or occult lesions may mimic progression. This phe-
nomenon is frequently elucidated through the correlation of pre- and
post-treatment PET/CT data, which distinguishes metabolic response
from morphological changes (Figure 1).

Computed tomography (CT) is not typically designated as the primary
modality for longitudinal monitoring of bone lesions. Nevertheless,
skeletal data is frequently acquired as a byproduct of routine tho-
raco-abdomino-pelvic CT scans performed for visceral staging and
follow-up. These examinations provide incidental but valuable visu-
alization of the axial skeleton, particularly the vertebral column and
pelvic girdle. The diagnostic yield of such opportunistic screening can
be maximized through the application of optimized acquisition and
reconstruction protocols. definitive indicators of disease progression
include the dimensional expansion of lytic defects, the emergence
of osteolysis within previously sclerotic foci, and the enlargement of
associated soft tissue masses. Conversely, findings such as morpho-
logical stability, the development of sclerosis, or the appearance of
new sclerotic foci must be interpreted with caution and are generally
excluded from formal response criteria due to their ambiguous clini-
cal significance [14].

Figure 1: Computed tomography overview.
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Positron Emission Tomography and PET-CT

Positron emission tomography (PET) allows comprehensive whole-
body imaging with simultaneous assessment of all major organ sys-
tems. The integration of PET with computed tomography (CT), and
more recently with magnetic resonance imaging (MRI) in hybrid im-
aging platforms, enables the fusion of metabolic and functional data
derived from PET with the precise anatomical localization afforded
by CT or MRI. During therapeutic follow-up, these modalities yield
distinct yet complementary insights into disease behavior. Lesions re-
sponding to treatment typically demonstrate reduced tracer uptake
on PET images, accompanied by increased attenuation on CT scans
reflecting therapy-induced osteoblastic activity. In contrast, disease
progression is characterized by heightened metabolic activity on PET
and the development or worsening of osteolytic changes on CT imag-

ing.

The most widely utilized radiotracer, 18F-fluorodeoxyglucose (18F-
FDG), serves as a surrogate marker for glucose metabolism and
transport physiological processes upregulated in various neoplasms
but also present in certain benign conditions. This modality facili-
tates whole-body qualitative assessment, enabling the simultaneous
visualization of primary tumors and metastatic sites. Quantitatively,
metabolic activity is characterized via the standardized uptake value
(SUV), a metric normalized for injected dose and patient body weight
within a defined region of interest. Consequently, therapeutic re-
sponse is evaluated through longitudinal comparison of these quali-
tative and quantitative parameters [15]. 18F-FDG PET is currently the
preferred modality for the staging and surveillance of malignancies
such as lymphoma, melanoma, and carcinomas of the lung, breast,
and head and neck [16-18], demonstrating particular efficacy in mon-
itoring breast cancer bone metastases [19]. However, the routine
clinical implementation of PET for response assessment requires fur-
ther standardization, specifically regarding the definition of quantita-
tive cutoffs for response versus progression, optimal follow-up inter-
vals, and the precise role of CT within hybrid PET/CT protocols [20].

The diagnostic utility of 18F-fluorodeoxyglucose (18F-FDG) is not uni-
versal; specific malignancies notably prostate, neuroendocrine, and
certain bronchial carcinomas as well as osteosclerotic metastases, ex-
hibit significantly lower avidity for FDG compared to osteolytic lesions
[14]. Consequently, alternative radiotracers targeting non-glycolytic
metabolic pathways have been developed for these low-affinity tu-
mors. Although the clinical implementation of these agents is often
constrained by complex synthesis requirements and short half-lives,
tracers such as 11C/18F-choline and 11C-acetate have demonstrated
promising efficacy, particularly in the evaluation of prostate cancer.
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Furthermore, 18F-fluoride represents a significant diagnostic ad-
vancement; this tracer targets regions of high osteoblastic turnover,
incorporating into the bone matrix as fluoroapatite. This mechanism
yields images analogous to skeletal scintigraphy (SS) but with supe-
rior contrast and spatial resolution, resulting in enhanced diagnostic
sensitivity. Additionally, novel tracers targeting specific tumor recep-
tors are currently under development for hormone-receptor-positive
and neuroendocrine neoplasms.

Magnetic Resonance Imaging

Conventional imaging modalities specifically radiography, skeletal
scintigraphy (SS), and computed tomography (CT)—are constrained
by significant diagnostic latency. These techniques rely on the sec-
ondary activation of osteoclasts and osteoblasts to generate visible
structural changes, detecting lesions weeks or months after the ini-
tial seeding of tumor cells. In contrast, magnetic resonance imag-
ing (MRI) is sensitive to the incipient cellular infiltration of the bone
marrow compartment, enabling the identification of pathology prior
to any reactive remodeling of the trabecular or cortical bone matrix
[21]. Consequently, the diagnostic superiority of MRI over SS and ra-
diography has been extensively validated across a spectrum of solid
tumors and hematological malignancies (Figure 2) [21- 22].

Due to its broad accessibility, high reproducibility, non-ionizing na-
ture, and capacity for whole-body assessment (WB-MRI), magnetic
resonance imaging has emerged as the preferred modality for the de-
tection and characterization of skeletal neoplasms. MRl is currently
advocated for both initial staging and the longitudinal evaluation of
therapeutic response through a combination of qualitative and quan-
titative metrics. Furthermore, the integration of standard anatomical
sequences with advanced functional techniques specifically dynamic
contrast-enhanced (DCE) and diffusion-weighted imaging (DWI) en-
hances diagnostic precision. These functional tools are particularly
valuable for assessing therapeutic efficacy during the early phases of
treatment [23].

Figure 2: Imaging techniques for bone metastases detection.
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Setting of the study

This retrospective study was conducted at a tertiary academic re-
ferral center between January 2022 and December 2024, patients
confirmed metastatic bone disease evaluated using a 1.5-Tesla MRI
system. The protocol adhered to the Declaration of Helsinki, with ap-
proval granted by the Institutional Review Board (IRB).

Results and Discussion

Sequences
Contrast resolution in magnetic resonance imaging (MRI) is derived

from the distinct T1 and T2 relaxation properties distinguishing neo-
plastic tissue from healthy bone marrow [24]. Specifically, metastatic
infiltration lengthens T1 relaxation times, resulting in hypointensity
that contrasts sharply with the hyperintense, lipid-rich background of
normal marrow. Consequently, T1-weighted (T1w) sequences consti-
tute the cornerstone of marrow screening; they are highly sensitive
to alterations in the fat/water ratio and offer robust reproducibility
across different institutions and scanner platforms, a critical factor
for longitudinal monitoring. While T1w imaging is often sufficient for
detection particularly in the fatty marrow of older adults’ protocols
are routinely supplemented with fluid-sensitive sequences, such as
fat-suppressed T2-weighted or Short Tau Inversion Recovery (STIR)
images, to enhance lesion conspicuity. The administration of gadolin-
ium-based contrast media is generally reserved for specific diagnostic
challenges: differentiating diffuse malignant infiltration from benign
hematopoietic hyperplasia, delineating extraosseous tumor exten-
sion (e.g., epidural involvement), or evaluating suspected leptomen-
ingeal carcinomatosis [25] (Table 1).

Signs of Lesion Response

Therapeutic response in focal osseous lesions is characterized mor-
phologically by dimensional regression and the development of a pe-
ripheral rim of adipose marrow, manifesting as high signal intensity
on T1-weighted sequences. This phenomenon, termed the 'fatty halo
sign,' serves as a reliable biomarker of positive response, mirroring
the reparative marrow conversion observed in healing non-neoplas-
tic pathologies such as chronic vertebral fractures, spondylodiscitis,
or degenerative disc disease [30-32]. In both malignant and benign
contexts, the signal evolution from an 'edema-like' pattern to a 'fat-
like' intensity signifies the resolution of active inflammation and the
re-establishment of stable marrow architecture (Table 2).

Figure 3: Faty Halo sign.
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Table 1: Aspect vs. Clinical Relevance.

Aspect

Description

Clinical Relevance

Basis of MRI contrast

MRI contrast resolution is determined by differences in T1
and T2 relaxation properties between neoplastic tissue and
normal bone marrow [26].

Enables differentiation of ma-
lignant infiltration from healthy
marrow.

Effect of metastases on
T1 relaxation

Metastatic infiltration prolongs T1 relaxation time, produc-
ing hypointense signal relative to normal, lipid-rich marrow.

Provides high lesion—to—marrow
contrast on T1-weighted images.

Normal marrow appear-
ance

Normal adult bone marrow contains abundant fat and ap-
pears hyperintense on T1-weighted sequences.

Serves as an intrinsic background
reference for lesion detection.

Role of T1-weighted im-
aging

T1-weighted (T1w) sequences are the primary technique for
bone marrow screening due to sensitivity to fat—water ratio
changes.

Considered the cornerstone of
metastatic marrow evaluation.

Reproducibility of T1w
imaging

T1w sequences demonstrate high inter-institutional and
inter-scanner reproducibility.

Essential for reliable longitudinal
follow-up and treatment moni-
toring

Age-related consider-
ations

T1w imaging alone is often sufficient in older adults with
predominantly fatty marrow.

Simplifies protocols in appropri-
ate patient populations.

Fluid-sensitive sequences

Fat-suppressed T2-weighted or STIR sequences are com-
monly added to MRI protocols.

Improves lesion conspicuity and
detection sensitivity.

Indications for gadolinium
contrast

Gadolinium-based contrast agents are used selectively
rather than routinely.

Avoids unnecessary contrast
exposure while maintaining diag-
nostic accuracy.

Contrast-enhanced MRI
applications

Contrast enhancement aids in differentiating diffuse malig-
nant infiltration from benign hematopoietic hyperplasia.

Reduces diagnostic ambiguity in
diffuse marrow signal changes.

Assessment of disease
extent

Contrast-enhanced imaging improves evaluation of extraos-
seous tumor spread, including epidural involvement.

Critical for staging and therapeu-
tic planning.

Leptomeningeal disease
evaluation

Gadolinium is indicated when leptomeningeal carcinomato-
sis is suspected [27-29].

Enhances detection of meningeal
involvement.

Table 2: Signs of lesion response.

Aspect

Description

Morphological changes after therapy

Reduction in lesion size accompanied by the formation of a peripheral rim of
adipose marrow

MRI appearance

High signal intensity on T1-weighted (T1w) sequences

Terminology

Fatty halo sign

Clinical significance

Reliable imaging biomarker indicating a positive therapeutic response

Pathophysiological correlate

Reparative conversion of bone marrow from active disease to fatty marrow

Comparable non-neoplastic conditions

Chronic vertebral fractures, spondylodiscitis, degenerative disc disease

Signal evolution pattern

Transition from an “edema-like” signal to a “fat-like” signal intensity

Underlying biological implication

Resolution of active inflammation and restoration of stable marrow architecture

Applicability

Observed in both malignant and benign osseous lesions
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Conclusion

Magnetic resonance imaging (MRI) constitutes a robust modality
for the longitudinal surveillance of bone marrow metastases during
therapy. While advanced functional techniques specifically diffusion-
weighted (DWI) and dynamic contrast-enhanced (DCE) imaging dem-
onstrate significant potential for the early detection of treatment-
induced changes, conventional morphological imaging remains
the cornerstone of assessment. Standard T1-weighted sequences
provide a reliable evaluation of lesion evolution. Consequently, cur-
rent response criteria are predicated on the systematic monitoring
of marrow infiltration patterns, lesion dimensions, and multiplicity,
alongside specific ancillary signs, all of which have been synthesized
into established assessment frameworks.

Recommendations and Future Research

The medical community should universally adopt standardized re-
porting systems, such as the MET-RADS (Metastasis Reporting and
Data System) guidelines. Currently, the lack of a "RECIST-equivalent"
for bone often leads to subjective interpretation of "stable" versus
"progressive" disease. Large-scale, multi-center trials are required to
validate these standardized MRI criteria against overall survival (OS)
and progression-free survival (PFS). Research must determine if an
MRI-defined "non-responder" at 6 weeks correlates statistically with
long-term mortality, thereby justifying an early switch in therapy.
Routine skeletal MRI protocols should include DWI sequences with
Apparent Diffusion Coefficient (ADC) mapping. Clinicians should
move beyond purely morphological assessment (size changes) to
physiological assessment (cellular density changes), as tumor cell
necrosis (increasing ADC) often precedes size reduction. Studies are
needed to establish precise, tumor-specific ADC cut-off values that
define a "partial response" or "complete response." Currently, the
threshold for a significant rise in ADC varies across literature; defining
a universal quantitative threshold (e.g., an increase of >20% or >40%)
is critical for automation.

Implementation of computer-aided detection (CAD) tools to assist
radiologists in detecting subtle marrow infiltration in the spine and
pelvis, reducing the false-negative rate associated with fatigue during
the interpretation of Whole-Body MRI (WB-MRI). Extensive research
into Radiomics and Radiogenomics. Future studies should focus on
extracting high-dimensional data (texture analysis) from MRI images
that are invisible to the human eye, correlating these "radiomic sig-
natures" with specific genetic mutations (e.g., BRCA status) or recep-
tor expression, effectively creating a "virtual biopsy”.

For high-risk phenotypes (e.g., oligometastatic prostate or breast
cancer), clinical guidelines should advocate for replacing the sequen-
tial workflow of "Bone Scan + CT" with a single "One-Stop Shop"
WB-MRI. This reduces time-to-diagnosis and radiation exposure.
Cost-utility and health economic analyses. While WB-MRI is clinically
superior, research must quantify its economic impact on healthcare
systems. Does the higher upfront cost of MRI offset the costs of fu-
tility (treating patients with ineffective drugs because simpler scans
missed the progression)?

In complex cases where MRI findings are equivocal (e.g., distinguish-
ing treated sclerosis from active sclerotic progression), hybrid imag-
ing or correlating MRl morphology with metabolic data is essential.
Direct head-to-head comparisons of PET/MRI versus PET/CT. PET/MRI
combines the superior soft-tissue contrast and marrow sensitivity of
MRI with the metabolic data of PET, potentially offering the ultimate
staging tool. Research should focus on whether PET/MRI changes pa-
tient management significantly enough to warrant its high cost and
limited availability.
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