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Abstract
We review the current role of magnetic resonance (MR) volumetry as a meaningful indicator of neurodegeneration and clinical disease progression in multiple sclerosis (MS) patients. Based on a review of the current
literature we summarize the mechanisms that contribute to brain atrophy. We present the newest magnetic
resonance imaging (MRI)-based methods used in atrophy quantification. We also analyze important biological
factors which can influence the accuracy of brain atrophy evaluation. Evidence shows that measures of brain
volume (BV) have the potential to be an important determinant of disease progression to a greater extent
than conventional lesion assessment. Finally, scientific reports concerning limitations of MRI-based volumetry that affect its implementation into routine clinical practice are also reviewed. The technical challenges
that need to be overcome include creating a standardized protocol for image acquisition − a fully automated,
accurate and reproducible method that allows comparison in either single-center or multicenter settings.
In the near future, quantitative MR research will probably be the basic method used in neurology to monitor
the rate of atrophic processes and clinical deterioration in MS patients, and to evaluate the results of treatment.
Key words: magnetic resonance imaging, multiple sclerosis (MS), brain atrophy, MR volumetry

Cite as

Marciniewicz E, Podgórski P, Sąsiadek M, Bladowska J.
The role of MR volumetry in brain atrophy assessment in
multiple sclerosis: A review of the literature. Adv Clin Exp Med.
2019;28(7):989–999. doi: 10.17219/acem/94137

DOI

10.17219/acem/94137

Copyright

Copyright by Author(s)
This is an article distributed under the terms of the
Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

990

Multiple sclerosis (MS) is a chronic disabling disease.
It is one of the earliest-known neurological diseases, described by Charcot in 1868. It is a progressive neurological
disorder resulting in both physical and neurocognitive
disability.1 In the US, there are approx. 400,000 people currently diagnosed with MS but it is estimated that around
2.5 million people worldwide might suffer from it. The disease typically begins in early adulthood with variable prognoses; 50% of the patients will require aid in walking within
15 years. The process of diagnosing and understanding MS
involves specialists from neurology, immunology, radiology, and many other disciplines.2 In MS, the brain is attacked and destroyed by the body’s own immune system,
causing physical disability and cognitive impairment. 3
This results in cerebral changes that lead to brain atrophy
at a much higher rate than when this process occurs with
aging in healthy people.4
Magnetic resonance imaging (MRI) is a very useful tool
not only in the process of initial diagnosis of MS, but also
in monitoring disease progression and therapeutic response. Current MRI volumetric techniques can detect
brain volume changes with an accuracy of 3 mL. This
precise quantitative information has significant potential for evaluating disease activity and changes following therapy. 5–7 Magnetic resonance imaging volumetry
became a clinically relevant component of disease assessment because of its high sensitivity and specificity
in detecting volumetric changes of the brain.8 It allows
whole-brain volume to be measured, as well as the volume
of particular brain lobes and gyri.9 In general, whole brain
atrophy is considered a good predictor of long-term clinical disability in all stages of MS.10 Nevertheless, it should
be always combined with assessments of the clinical
state of a patient.
Within the last 10 years, numerous studies conducted
on MS patients have reported accelerated brain atrophy
rate in comparison with healthy subjects.11,12 Hardmeier
et al.11 documented that gray matter (GM) volumes are
lower in MS patients than in healthy age-matched controls.
In addition, annual brain tissue loss occurred at a faster
rate in MS patients (0.5–1% per year) than in the control group (0.1–0.3% per year). Global brain atrophy has
been demonstrated in all subtypes of MS: in relapsingremitting (RR), secondary progressive (SP) and primary
progressive (PP) MS.2,13,14 A considerable amount of data
confirms that measurements of the percentage of brain
tissue loss over time are among the best methods for quantifying neurodegeneration in MS and monitoring disease
progression.6
In this paper, we review the data regarding MRI volumetric techniques and their clinical applications. We focus on the relationships between the severity of clinical
symptoms, including disability, and the percentage of brain
atrophy. We also present prospects for future uses of MRI
metrics in the process of diagnosing and assessing brain
volume (BV) changes in the course of MS.
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The pathomorphological basis
of atrophy in multiple sclerosis
Atrophy is seen at all clinical stages of MS and develops
gradually. The loss of brain tissue is mainly due to myelin loss. However, there are also other tissue elements
that contribute to whole BV loss, such as changes in tissue
water content and the loss of glial cells, vascular elements
and GM.
Furthermore, factors like protein catabolism, changes
in electrolyte balance, vascular permeability, and dehydration may have an influence on brain atrophy. Changes
caused by the inflammation process may also play a role.
The main target for researchers has been to determine
the pathologic process that leads to the development
of plaques in MS. A lack of integrity in the blood–brain
barrier is a mechanism that has received a great deal
of attention; it allows the entrance of leukocytes into
the normally immunologically privileged central nervous
system (CNS) as a response to inflammation. The myelin sheath located in the CNS becomes the target of immunologic attack. This underlying pathology is present
from the beginning of the disease, sometimes long before
clinical symptoms are present, and continually progresses. The neurodegeneration translates to macroscopic
brain atrophy that can be quantiﬁed in vivo through
brain MRI.8
Multiple sclerosis has long been classified as a primary
white matter (WM) disease of the CNS. Foci of demyelination in WM are readily visualized using MRI and remain a hallmark of the disease. Pathologic studies report
that GM is also affected, and seems to be a large component of all the pathologies caused by MS. This damage
includes widespread demyelination, neuron apoptosis,
and atrophy affecting the cortex and deep GM structures.9
Nevertheless, inflammation also plays a protective role
by expressing growth factors that promote remyelination
and protect against axonal damage.10 These neurotrophins
are essential for normal oligodendrocyte development:
they promote migration, differentiation and maturation
of oligodendrocyte precursor cells.11 These beneficial effects of inflammation have become an extremely promising therapeutic approach to MS.

The concept of neurodegeneration
in multiple sclerosis
Although demyelination with hyperintense lesions
on T2-weighted MRI remains the main diagnostic criterion of MS, there is growing evidence that the extent
of clinical disability does not correlate with the number
of foci. It has been reported that the extent of total axonal damage resembling neurodegeneration shows a strong
correlation with clinical progression and strongly predicts
irreversible disability.8,12,15,16
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Reductions in N-actetylaspartate (NAA, a marker
of axonal integrity) have also been observed in magnetic resonance spectroscopy (MRS) at a very early phase
of the disease.17 This finding indicates the neurodegenerative component of the MS background. A better understanding of the molecular mechanisms underlying MS
progression will aid the development of new treatment
strategies based on both anti-inflammatory and neuroprotective action.

Insight into atrophy measurements
in multiple sclerosis
Conventional MRI techniques, using markers such
as T2-weighted lesions and gadolinium-enhancing lesions,
are now widely used in clinical practice in the diagnosis
and follow-up of MS. However, the utility of these MRI measures in predicting disease progression in MS is limited.
New areas of gadolinium enhancement are considered
good markers for clinical relapses. Nevertheless, clinical
deterioration is not clearly related to inflammatory lesions,
but rather to a progressive and diffuse neuroatrophy.18
Recent evidence shows that axonal loss and dysfunction occur very early in the course of the disease and are
apparent at all stages of the disease.17 Atrophy is seen not
only within the lesions but also in normal-appearing WM,
where it is probably secondary to myelin loss and axonal
damage caused by Wallerian degeneration.8 For that reason in the past decade brain atrophy has become one
of the most important indicators of neurodegeneration
and clinical disease progression in MS patients. This
probably reflects both inflammation-induced axonal loss
and post-inflammatory neurodegeneration that may be
due to inefficient remyelination.19,20 Moreover, it has been
shown that atrophy measures correlate with disability indices and cognitive performance in MS patients.21,22
Diffuse tissue loss in normal-appearing brain tissue can
be monitored in a sensitive and reproducible manner using quantitative MR measurement. Magnetic resonance
techniques provide an objective and direct assessment
of the evolving pathology in MS.8 This is a point of interest for trials of new agents aimed at preventing disability.
Atrophy measurements should be included as an endpoint
in trials of all disease-modifying agents to monitor treatment efficacy.

Factors affecting brain
volume changes over time
in multiple sclerosis
Many studies have demonstrated that there is no direct correlation between BV changes and patient’s clinical
state and rate of disability.8,23 This suggests that there are
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other factors, unrelated to the disease, that influence BV
changes in MS patients. This requires further investigation. For example, any inflammatory reaction can temporarily increase BV, causing vasogenic edema. In addition,
processes like glial cell proliferation and gliosis can also
contribute to false BV increase.24
There are other biological factors, including body fluid
status, nutrition, addictions, menstrual cycle, genetic
and environmental considerations, and gender- and agerelated features which may contribute to BV changes.
These can all cause physiologic variations in BV. Cerebral volume loss progresses with age but may be more
pronounced when there are other risk factors such as alcohol abuse, smoking, dehydration, or concomitant diseases (e.g., diabetes, cardiovascular risk factors or Cushing’s syndrome). All this may affect the accuracy of BV
measurements.25,26
Duning et al.27 showed that hydration status can significantly change BV: a lack of fluid intake for 16 h decreased
BV by 0.55% (standard deviation (SD) = 0.69) and after rehydration total BV increased by 0.72% (SD = 0.21). Changes
as high as 30–40 mL have also been observed after dialysis
in patients with renal failure.28 Dehydration can confound
the assessment of brain atrophy.
For these reasons, in cases in which small changes of total BV are important diagnostic parameters − for example
in MS and neurodegenerative diseases − comparative hydration status should be considered in longitudinal automated MR-based measurements of BV.29
Another important factor which should be considered is weight loss. Some studies on patients with anorexia nervosa (AN) have already revealed various effects
of nutritional status on BV. Enlargement of the cortical
sulci and cerebrospinal fluid spaces as well as pituitary
gland atrophy in patients with AN have been reported.25
Heinz et al. postulated that the mechanism responsible
for the atrophic changes may be related to protein loss
and fluid retention caused by hypercortisolism and loss
of serum protein. This suggests that there is no simple
correlation between cerebral atrophy and malnutrition.
It should be emphasized that although in some cases
of AN morphological brain changes have been reported,
we cannot consider BV dependence on the nutritional state
of the patient.30,31
It should be taken into consideration that the correlation
between brain loss and progression of the disease is influenced by a phenomenon called brain plasticity. In patients
with MS it is believed to be a compensatory mechanism
based on activation of new brain areas in order to retain some brain functions. Neuroplasticity is a property
of the nervous system to obtain functional goals. The increased functional recruitment of the cortex in MS patients
might have an adaptive role in limiting the clinical impact
of irreversible tissue damage. Cortical motor reorganization has been described in various diseases including
tumors, vascular malformations and stroke.32
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There is a growing body of evidence suggesting that functional cortical changes develop early in the disease and have
a role in limiting the clinical impact of MS injury. Therefore,
MS-related brain damage may occur undetected during
the early phase of the disease. Moreover, MS may remain
undiagnosed and untreated for a long time.33 As adaptive
cortical changes have the potential to limit the clinical impact of MS injury, the question arises of how strong the correlation is between MR volumetry and clinical outcomes
in MS patients. This interrelation is still to be explored.34
The clinical value of brain atrophy measurements in MS
necessitates future longitudinal follow-up studies conducted in a standardized manner on a large group of patients.
Brain volume changes should be measured over at least
a 1-year period and compared with changes in disability
measured using disability status scales. The pathophysiological significance of altered brain activation patterns
in MS patients and their influence on the clinical state
of patients also needs further exploration.
There is also a strong need for validation of brain atrophy
rates through longer-lasting trials in order to establish
stable baselines. This will enable better interpretation
of BV changes over time and allow introducing quantitive BV assesment into routine clinical practice.

The phenomenon
of pseudoatrophy
Pseudoatrophy is a temporary phenomenon that represents
accelerated water loss and reduced edema during the course
of anti-inflammatory treatment. It is not associated with neuron or tissue damage. The mechanisms responsible for this
effect include the induction of protein catabolism and the reduction of water volume in the brain as a result of decreased
vascular permeability without real axonal loss.
Disease-modifying drugs at treatment initiation reduce
edema, inflammation and extracellular water in the brain,
leading to pseudoatrophy. It may initially confound real
treatement effects in the first few months of therapy.35 Many
volumetric studies confirmed that changes in the volume
of inflammatory cells, particularly glial cells, may be also
relevant. 36 Several independent studies have reported
that anti-inﬂammatory drugs transiently decrease BV within
the ﬁrst 6 months to 1 year of treatment.11,37 An acute effect
of intravenously administrated corticosteroids on BV has
been shown by several researchers.38–40 Hardmeier et al.11
explored the kinetics of atrophy after treatment initiation.
Their study included 802 patients with active RR MS disease. Among them, 189 subjects were randomized to 30 µg
and 197 subjects to 60 µg of interferon beta-1a (IFN-1a IM)
once a week. Brain parenchymal fraction (BPF), a normalized
measure of whole-brain atrophy, and the volume of Gd-enhancing lesions (T1Gd) and T2 hyperintense lesions (T2LL)
were evaluated. The BPF analysis showed a decrease of BV
in the first year of treatment. Nearly 70% of BPF change
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occurred during the first 4 months and was accompanied
by a drop in T1Gd volume. This nonlinear development
of atrophy in the first phase of treatment is caused by edema
resolution and the effect of IFN‑1a on the blood–brain barrier, both imitates atrophy and can cause difficulties in assessing disease progression and the efficacy of immunomodulating and immunosuppressive therapies. The authors
suggest that yearly measurement of BV loss after therapy
may not be optimal for assessing atrophy changes. They have
highlighted the importance of obtaining a “second baseline”
after 4 or 6 months of treatment.
The same mechanism is also observed in patients with
non-neurologic autoimmune diseases, for example Cushing’s disease and other autoimmune diseases treated
with prolonged daily use of corticosteroids over the midto long-term and showing significant BV loss.31,41,42
Another novel finding, presented in a study by Filippi
et al., was the percentage of BV change (PBVC). The mean
PBVC for patients on a placebo was –0.83% during the 1st
year, –0.67% during the 2nd year and –1.68% during the entire study period. The respective values for treated MS patients were –0.62%, –0.61% and –1.18%. The explanation
for these findings might be the ability of the treatment to reduce Gd-enhancing lesions and edema during the first phase
of treatment, which in turn might result in pseudoatrophy.43
In contrast, focal edema in new demyelinating lesions
may compensate true BV loss from tissue destruction, especially in WM, where inflammation is more pronounced.
On the other hand, the process of remyelination within
the lesion may mask atrophy.29 This fact has important
implications for the design of clinical trials. It is necessary to further investigate how much the pseudoatrophy
in MS brains after the initiation of certain therapies may
be related to the reduction of inflammation in order to distinguish it from true neurodegeneration.
Dynamic changes in BV in MS patients are therefore a combination of destructive and rebuilding processes of inflammation, neurodegeneration and correct,
and the influence of immunomodulatory therapy. Therefore, it is very important to be aware of all these factors
when interpreting whole-brain volume data because reductions in whole-brain volume may be associated not only
with true atrophy.44
There is a strong need to establish normative values for BV
changes − both for healthy subjects and for patients with
MS − that take into account these confounding factors.
These studies will enable the reliable use of whole BV measurements to prognose and predict therapeutic response.

Gray matter atrophy
in multiple sclerosis
Recent studies report that clinical disability in MS patients
cannot be explained by changes in WM observed in conventional MRI sequences. This suggests that GM damage
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and subsequent GM atrophy can be relevant to the development of disability.45,46 Indeed, cortical and hippocampal lesions result in symptoms of cognitive and processing
speed impairments.47–49 The detection of GM alterations
will play an important role in the understanding of both
physical and neurocognitive disability observed in MS
patients. Measurements of WM and GM atrophy remain
among the current methods that can be used to quantify
the grade of disease progression.46
There have been a number of studies that investigated
which brain structures are affected by atrophy in different
MS subtypes and how early this pathology begins. Scientists
have also focused on determining which cortical areas are
primarily affected in patients presenting with their first
clinically isolated syndrome (CIS). Several cross-sectional
studies have reported that diffuse cerebral atrophy in MS
is not sensitive enough in case of first episode of neurologic symptoms. This indicates a need for a more accurate
biomarker for patients after the CIS as well as those with
a short disease duration.50
A number of histopathological and MRI studies have
demonstrated that significant global cortical thinning
is a diffuse and early phenomenon in MS.4,51,52 It correlates
with clinical disability and is partially independent from
WM inflammatory pathology. A longitudinal study carried
out by Dalton et al.53 in patients with CIS found progressive
cortical atrophy in those subjects who developed a confirmed diagnosis of MS within 3 years of the clinical onset
of CIS. They reported that the mean decrease in GM fractional (GMF) volume was −3.3% while in CIS subjects who
had not developed MS it was −1.1%. No decrease in WM
fractional (WMF) volume was seen. Changes in GMF
volume correlated only modestly with changes in the T2
lesion load. These results suggest that progressive GM atrophy is present in the earliest clinically observable stages
of relapse-onset MS, and this is only moderately related
to lesion accumulation.
Recent data based on a large cohort of patients has
proven that cortical thinning is already present and diffuse in a very early MS phase, when WM damage appears
to be only modest. Moreover, cortical thinning is correlated with clinical disability and cognitive impairment
more strongly than other MRI measurements.54,55 Among
many software techniques that enable the in vivo MRIderived quantitative measurement of cerebral cortex thickness, one of the most often used is FreeSurfer (Laboratory
for Computational Neuroimaging, Charleston, USA; Fig. 1).
These measurements provide novel insights into neuroanatomical abnormalities during the course of the disease.
Gray matter appears to be less sensitive to pseudoatrophy
than WM, and could be a potentially attractive additional
measurement for neuroprotection trials.24,51,56
Calabrese et al.57 carried out a 5-year prospective longitudinal study in order to evaluate the extent to which
cortical lesion load is associated with longer-term physical and cognitive disability. Patients with high cortical
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lesion loads had higher Expanded Disability Status Scale
increases (median = 1.5; range = 0–3) and showed a greater
GM fractional loss during the study than both patients
with low cortical lesion loads and without cortical lesions.
Analyzing cortical pathology may help in the early identification of patients with a worse prognosis and provide relevant clinical and therapeutic implications. Nevertheless,
the extent to which MRI parameters of cortical thinning
may be used for clinical purposes needs to be confirmed
in further prospective longitudinal studies.
Considerable evidence exists to support the hypothesis
that there are also another GM structures which seem to be
more predictive than others. According to many studies, out
of all subcortical GM areas, the thalamus is the structure
most vulnerable to atrophy. Thalamic tissue volume loss
has been found in all MS subtypes.58 Thalamic nuclei are
GM structures that play a major role in cortical activation,
relaying sensory information to the higher cortical centers
that influence cognition, sensory and motor functions. Involvement of these structures is associated with a wide range
of clinical manifestations, including cognitive impairments
and motor deficits in patients with MS.59 It might become
an important biomarker of disease progression.
To summarize, thalamic atrophy and cortical thickness
are 2 very promising GM MRI metrics. Still more studies
and longitudinal follow-ups are needed to characterize
atrophy progression over time and the clinical relevance
at both the group and the individual level.

Overview of quantitative
volumetric MRI techniques
Numerous methods are available for the measurement of global and regional BV.60 The optimal method
for measuring brain tissue loss must be sensitive to small
changes, reproducible and stable over time. Techniques
of MRI analysis, measuring the size of brain structures,
have ranged from manual traces for estimates of diameters
or sectional areas of structures to fully automated methods
based on advanced computational algorithms (Fig. 2).
It is important to note that a wide variety of techniques
available for measuring tissue damage are not directly
comparable with each other, which makes it very difficult
to compare the results of different studies based on different tools.
Although automated voxel-based methods are designed
to be robust and reliable structural change detection methods, it is known that they can be influenced by physical,
methodological and physiological factors such as the scan
parameters, the type of coil, MRI scanner field strength,
the type of applied pulse sequence, the level of patient’s
hydration, the phase of women’s menstrual cycle, and other
factors. The potential impact of the scanning parameters
can be minimized with strict adherence to a specific MRI
scanner and imaging protocol.

994

Fig. 1. Cortical thickness borders overlaid on an anatomical T1-weighted Freesurfer image

Fig. 2. Example of Brainsuite processing steps for volumetric assessment
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Fig. 3. Example of brain cortical and subcortical labeling using Freesurfer

Fig. 4. Cortical thickness map (BrainVoyager QX cross-platform software)

995

Manual methods of volumetry are time-consuming
and require great expertise in anatomy. The most common manual methods are the bicaudate ratio, brain width,
the corpus callosum area, the midbrain to pons ratio,
the lateral width, and the third ventricle width.61
A strong need for more objective, comparable and reproducible assessment of BV led to the creation of a variety of fully-automated tools such as SPM/VBM – Statistical Parametric Mapping (www.fil.ion.ucl.ac.uk/spm), Freesurfer, SIENAX,
SIENA (Structural Image Evaluation using Normalisation,
of Atrophy), FSL (FMRIB Software Library, Analysis Group,
Oxford, UK), and BrainVISA (brainvisa.info).62
Among existing medical image segmentation techniques,
one of the most popular is SIENA software, which allows
measurement of whole and partial BV. The reproducibility
of the measurements obtained is about 0.5%. To perform
more specific volume measurements, one can use segmentation-based techniques that have the potential to automatically segment subcortical brain structures and can separately
quantify the volume of GM and WM, as well as the volumes
of particular gyri and lobes.63 (Fig. 3). The performance of such
methods depends on image registration accuracy and anatomical differences between the study subject and the atlas images (Fig. 4). This is why multi-atlas-based methods
for subcortical structure segmentation have attracted a great
deal of attention, partially because the spatial positions
of anatomical structures are relatively stable among patients.64
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Fig. 5. Graphic representation of SIENAX field of view and standard space masking and whole brain segmentation

Fig. 6. 3D Pial surface (Freesurfer)
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Fig. 8. Cortical Thickness Map – BrainVoyager

It is important to note that even when the voxel-based
methods are used, due to the large variety of noise factors,
the angulation of slices, the segmentation protocol, imaging protocol, patient-dependent factors, etc., there is a low
probability of obtaining identical results of multiple studies
performed during the same day on the same patient, even
when using the same software.35,67 Despite these limitations, fully automated computational methods have shortened analysis time and allowed the assessment of large
datasets. Due to advances in computational technology,
the number of measurement errors is limited, thus the results are mostly reproducible and reliable. That is why
they are extensively used in a number of clinical studies,
especially for volumetric assessment of the whole brain
and other intracranial structures such as lateral ventricles,
WM, GM, and the hippocampus.2,68
Apart from its potential to help in the follow-up of many
neurological diseases such as MS, this online software can
aid researchers and clinicians in developing new treatments and monitoring their effectiveness.

Conclusions
Fig. 7. WM/GM boundary surface reconstruction with overlaid cortical
thickness map (BrainVoyager QX)

Most of this software, such as the FMRIB Software Library (FSL) package (FSL Analysis Group), BrainSuite (Ahmanson-Lovelace Brain Mapping Center/Biomedical Imaging Group, Los Angeles, USA) and FreeSurfer, are freely
available and run online on a wide variety of hardware
and software platforms (Fig. 5).65,66 That is why these automatic tools have been used in numerous studies. All
of these programs can create 3D models of the most macroscopically visible structures in the human brain (Fig. 6).

Brain atrophy rate might be successfully used as an adjunctive biomarker of disease severity in the course of MS.
A considerable amount of data derived from the latest studies confirms that measuring percentages of brain tissue
loss over time is one of the best methods for quantifying
neurodegeneration in MS and monitoring the progression
of the disease.
Evaluating GM atrophy over the course of MS and its
relationship to disability remains an important issue
in the MS field. It should be stressed that GM atrophy
could be an attractive potential marker of tissue loss,
as it correlates better with clinical disability than other
MRI measures and appears to be less sensitive to pseudoatrophy factors.
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New techniques need to be validated and MR protocols
need to be standardized before they can be introduced into
clinical practice. There is a need for a normative database,
combined with important physiologic factors affecting
estimations of brain atrophy. Obviously, efforts must be
made to harness the potential of these measurements in assessing and monitoring pathologic evolution and treatment
efficacy in MS.
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