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Abstract

The diagnosis of diseases of the brain is based on additional methods, confirming the 
clinical diagnosis. One of the most objective methods is magnetic resonance imaging 
(MRI). A detailed quantitative evaluation became possible after the introduction of MRI 
voxel‐morphometry–statistical analysis of structural MRI images using a computerized 
segmentation matter of the brain gray and white matter. The decrease in the volume of 
the brain, as a manifestation of cerebral atrophy, is a common feature of many neurologi‐
cal diseases. We performed a study of brain structures in multiple sclerosis, Parkinson’s 
disease, and cerebrovascular diseases. In patients with multiple sclerosis the correla‐
tion was found between the score on a scale of Expanded Disability Status Scale and the 
total thickness of the cerebral cortex. In our study of the brain in Parkinson’s disease, 
the amount of the substantia nigra was slightly lower than in the control. In patients 
with long‐following Parkinson’s disease, the volume of substantia nigra was significantly 
higher than in patients with early stage. The increased volume was determined by the 
accumulation of organic iron compounds as a sign of neurodegeneration.

Keywords: magnetic resonance imaging, voxel morphometry, brain, gray matter, white 
matter, neurodegeneration, multiple sclerosis, Parkinson’s disease

1. Introduction

The human brain is the most important organ that controls the functions of all the other 

organs in the human body through neuronal connectivity and neuronal signal transmission. 

Central nervous system (CNS) is the most complex but a very poorly understood structure in 
the human body. The diagnosis of many diseases of the brain is based on additional research 

methods, confirming the clinical diagnosis. One of the most objective and intuitive methods 
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is magnetic resonance imaging (MRI). The technology to image the structure and function of 

the brain noninvasively (MRI, other methods of neuroimaging) has transformed our under‐

standing of neurological disorders, opening new approaches to treatment and prevention. 
For a long time, MRI was based on a visual qualitative analysis of the obtained images. The 
development of the method led to the emergence of different modes of research, there are 
fundamentally new methods—diffusion‐weighted image, the tensor image, perfusion MRI, 
functional MRI, and a method of MRI spectroscopy. However, these methods are mostly 
qualitative.

Neuroimaging may be divided into structural neuroimaging, which evaluates anatomic 
changes that occur in neurodegenerative conditions, and functional neuroimaging, which 
evaluates CNS activities such as blood flow and metabolism. For example, structural neu‐

roimaging with computed tomography (CT) and magnetic resonance imaging (MRI) has 
defined patterns and rates of brain volume loss in neurodegeneration. Moreover, structural 
neuroimaging may detect treatable conditions that may present with dementia‐like symp‐

toms. Functional neuroimaging with MRI (fMRI), single photon emission CT (SPECT), and 
positron emission tomography (PET) have greatly assisted in the understanding of blood 
flow, metabolism, and amyloid deposition. Application of MR spectroscopy (MRS) has also 
yielded novel information about neurodegeneration [1, 2].

A detailed quantitative evaluation became possible after the introduction of MRI voxel‐mor‐

phometry–statistical analysis of structural MRI images using a computerized segmentation 

matter of the brain GM and WM. Data about this technique were first published in 2000 [3]. 

MRI voxel morphometry requires the processing of data obtained by MRI study in the mode 

of the T1‐weighted images (WI) with a slice thickness of 1 mm.

Voxel morphometry is based on the calculation of local differences in brain tissue after level‐
ing expressed differences in anatomical structure and spatial position. This is achieved by spa‐

tial normalization (registration) of structural images into a single stereotactic space,  further 

segmentation of gray and white matter, cortical rectification of furrows and convolutions, and 
statistical analysis to detect differences between the experimental groups. By segmentation, 
we can separate the major cerebral and extracerebral structures (GM, WM, and cerebrospinal 
fluid, CSF), also using voxel morphometry, we can reveal focal anatomic lesions [4, 5].

The decrease in the volume of the brain, as a manifestation of cerebral atrophy, is a common 

feature of many neurological diseases. There is the general (total) and regional (local) atro‐

phy. Under the general atrophy, we can understand the volume reduction of brain paren‐

chyma and the increase of subarachnoid spaces and ventricles of the brain. The decrease in 

the volume of certain brain structures is called regional atrophy. In brain tissue, the atrophy 

is accompanied by loss of neurons and connections between them that allows to consider it as 
one of the markers of the severity of the disease.

There are two basic methods of studying the volumes of the brain: using separation of gray 
and white matter manually or using special computer programs. Both methods have both 
positive and negative sides. We have tested both approaches. We performed a study of brain 

structures in multiple sclerosis, Parkinson’s disease, and cerebrovascular diseases (CVD).
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2. Morphometry of the brain in multiple sclerosis

Multiple sclerosis (MS) is a chronic inflammatory demyelinating disease of the CNS affecting 
more than 2 million people worldwide and leading to chronic progressive disability in the 
majority of cases. MS is heterogeneous both clinically and histopathologically, suggesting 
that different effector cells and molecular mechanisms are involved in the induction of tis‐

sue destruction. The most common form of MS, known as relapsing–remitting MS (RRMS), 
is associated with acute inflammatory episodes that reduce neurological function. RRMS 
patients may experience some recovery between relapses, but in 80% of cases, the disease 
evolves to a more progressive form with neurodegeneration termed secondary progressive 
MS (SPMS). The latter is associated with a gradual loss of neurological functions and is less 
dependent on inflammation [6–8]. Currently, it is generally assumed that immune, inflamma‐

tory, and neurodegenerative mechanisms involve in the pathogenesis of MS; it is a balance 
between the activity of inflammation, progressive degeneration, and reparative mechanisms 
and determines the clinical manifestations at each stage.

The main method of diagnosis in MS is magnetic resonance imaging (MRI). Standard tech‐

niques MRI is essential to confirm the nature determination of the activity of the pathological 
process and monitoring of the disease. Now, we use modern methods of MRI, which aims at 
clarifying the pathogenesis and pathophysiological mechanisms of formation of neurological 

deficit, the development of effective prognostic criteria, and new markers for the monitoring 
of the flow of inflammatory and neurodegenerative, atrophic component [9–11].

Initially, the presence of atrophy of the brain in MS patients was identified qualitatively, 
describing the extension of the ventricles and subarachnoid spaces and reducing the amount 

of substance of a brain. The next step was the quantitative assessment of atrophy of the brain 
with no differentiation of GM and WM. Currently, studies use different methods of MRI to 
assess how the global (brain in general) and regional atrophy. One of the most commonly 
used methods is to estimate the fraction of the brain parenchyma (BPF), which is determined 
by the ratio of the brain to the amount of the substance of the brain and cerebrospinal fluid 
(CSF). It is believed that in patients with MS, the regional atrophy may serve as a more sensi‐
tive marker of the severity of the disease than the general atrophy, but the results obtained 

in different studies often directly contradict each other. In recent years, it has been suggested 
that atrophy of cortical and subcortical gray matter prevails over the decrease in the volume 
of the white matter of the brain and largely determines the degree of disability of MS patients. 
Many researchers have noted that different types of MS course are characterized by their pat‐
terns of atrophy [12].

First, when an MS that the key importance was given to inflammatory demyelination of the 
WM and therefore considered that it undergoes atrophy. However, damage to axons within 
the WM lesions lead to atrophy, which was most likely evolving in two ways: the loss of 
substance in the demyelination and further Wallerian degeneration pathways associated with 
the lesion. WM atrophy affected certain areas of the brain, including both hemispheres of 
the brain, the brain stem, and the cerebellum. In patients with relapsing‐remitting multiple 
sclerosis (RRMS) compared with the control group, most pronounced atrophy of almost all 
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parts of the WM: the corpus callosum, cingulate gyri on both sides, certain divisions of the 
frontal lobes (including the upper sections of the radiate crown and the upper longitudinal 
beams), and temporal and occipital lobes (arch, upper and lower longitudinal beams, inferior 
frontal‐occipital tracts [13, 14].

Atrophy of the brain in MS is the result of a comprehensive process of demyelination, axo‐

nal degeneration, and neuronal death [15]. In the treatment of MS, special attention is paid 
to the prevention of neurodegenerative component, and recently, several studies have been 

conducted for the evaluation of drugs. It was discovered that the degree of disability of the 
patients is determined with a therapeutic effect on a neurodegenerative component of the 
disease. However, the relationship is ambiguous. After the usage of MS‐modifying drugs, 
there is a decrease in the degree of atrophy of the brain in the first year, then the physician can 
see the stabilization of process [16]. Thus, it may be the gradual, progressive atrophy of brain 

substance in MS but may be the fluctuations of its volume. In particular, acute inflammation 
with swelling of the brain tissue and the formation of new lesions during exacerbation of MS 
leads to a temporary increase in the volume of the brain and vice versa—glucocorticoid treat‐
ment leads to a temporary reduction of brain tissue—the so‐called pseudoatrophy [17]. As 

suggested, this is the result of reducing inflammation and swelling in the brain.

Some studies have shown that WM atrophy is less prominent compared to GM atrophy due 
to more pronounced inflammatory processes that can mask atrophy [18, 19]. It is believed that 

patients with MS regional atrophy may serve as a more sensitive marker of the severity of 
the disease than the general, but the results obtained in different studies are mixed and often 
directly contradict each other. In recent years, it has been suggested that atrophy of cortical 

and subcortical GM prevails over the decrease in the volume of WM in the brain. It predomi‐
nantly determines the degree of disability in patients with MS. However, many researchers 
note that different types of MS have the specific patterns of atrophy.

When analyzing the state of the GM in MS, it has been discovered that atrophy of the thala‐

mus develops earlier than the atrophy of the cortex, which was demonstrated in a study of 
patients with RRMS and secondary progressive multiple sclerosis (SPMS) during follow‐up 
[20, 21]. Atrophy of the thalamus observed in all types of MS course, to the greatest extent in 
SPMS, which is probably related to disease duration

The correlation was found between the score on a scale of Expanded Disability Status Scale 
(EDSS) and the total thickness of the cerebral cortex, precentral cortex, postcentral, parahip‐

pocampal, occipital gyri, and the caudate nucleus volume and a striped body. Some studies 
show that patients with sustained progression of disability by EDSS have a much higher rate 
of atrophic processes in comparison with patients with stable neurological symptoms. It is 
also believed that the amount of GM compared with WM volume is a more sensitive predictor 
of disability, measured by EDSS [22].

Cognitive impairment, including loss of memory, attention, and speed of information repro‐

duction, has been reported in 70% of patients with MS, and they occur already at early stages 
of the disease (within the first 3 years). Patients with RRMS with cognitive impairment com‐

pared with patients without such revealed a decrease in volume of the brain in general and 
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GM of the cerebral cortex. Indeed, cortical atrophy is predictive of cognitive impairments 
because even mild cognitive changes are associated with significant thinning of the cerebral 
cortex. Also, a significant correlation was discovered with atrophy of the thalamus [23].

Thus, the modern MRI techniques, including MRI voxel‐morphometry, significantly expand 
our understanding of the pathogenesis of MS. Numerous studies show that in addition to the 
WM atrophy, the GM atrophy in MS is already found in the early stages of the disease, and it 
progresses faster in healthy people, being a significant MRI predictor of the development of 
disability. Studies that show atrophy in different areas of the brain at the different types of MS 
course bring new contributions to the understanding of the pathophysiological mechanisms 
of the degenerative process. Now, we only accumulate our own data on the morphometry of 
the brain in MS.

We studied 10 patients with RRMS, five women, and five men. The diagnosis was based on 
McDonald criteria, 2010 revision. The age of the patients was from 24 to 36 years (average 
age/here and further data are given in the format M ± m/30, 7 ± 1, 22 years. At the time of the 
study, the disease duration ranged from 1 to 24 years (mean age of 8.1 ± 2.25 years). During 
follow‐up, only three patients had one to three exacerbations. Before therapy with drugs 
modifying the course of the disease, mild disability (EDSS ≤ 3.0) was in eight patients, moder‐

ate (EDSS 3.5–5.5 points)—in two, and no severe disability (EDSS ≥ 6.0 points) were observed. 
The average EDSS score before the start of the specific therapy was 2.5 ± 0, 25, during an exac‐

erbation—3.5 ± 0.34. All patients had no therapy before inclusion in the study. Therapy with 
glatiramer acetate (in a standard dose of 20 mg subcutaneously daily) was prescribed to three 
patients, but in the future, one of them was transferred to natalizumab therapy (in a stan‐

dard dose of 300 mg infusion monthly) in the cause of aggressive course of the disease (three 
exacerbations). Seven patients had therapy with interferon beta 1‐b in a dose of 9.6‐million 
IU subcutaneously through the day. The control group (CONTROL) consisted of 10 healthy 
individuals, five men and five women, mean age of 21.3 ± 1.9 years.

To assess the condition of patients, we used the standard neurological examination, Expanded 
Disability Status Scale (EDSS), Multiple Sclerosis Functional Composite (MSFC) which 
includes the quantitative tests that assess lower limb function/walking (Timed 25‐Foot Walk) 
and upper limbs (9‐Hole Peg Test), hearing test on addition of a sequence of digits PASAT‐3 
(Paced Auditory Serial Addition Test), and several subtests of the Wechsler Adult Intelligence 
Scale: subtest “Resemblance,” subtest “Digit span”, subtest “Coding”, subtest “Kohs Block 
Design Test “, Beck’s depression scale, and Beck’s anxiety scale.

Brain MRI was performed on “Initial Achieva 3.0 T” (Philips Medical System Nederland BV) 
with a magnetic field of 3 T. The study protocol included the use of T1‐WI with slice thickness 
1 mm, the distance between the slices–0 mm, and after contrast enhancement. The MRI was 
performed with the processing of the sequences for morphometry of anatomical MRI using 
FreeSurfer 5.3 (an open source software suite for processing and analyzing human brain MRI 
images) for segmentation and visualization of brain structures.

The results of voxel‐based morphometry using the anatomical MRI T1‐WI of the brain show 
a significant decrease in the cortical and subcortical GM volumes and WM in comparison to 
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CONTROL (Table 1). The volume of cortical GM in MS patients was 13.9% lower, while sub‐

cortical GM was 21.8%. The decline in GM of the thalamus was the highest—25.6%. The vol‐
ume of WM was lower than in the CONTROL by 20.4%, and the greatest difference was found 
in relation to the corpus callosum—46.6%. At the same time, it was discovered an increase in 
the volume of the third ventricle by 31.9% and the lateral ventricles by 84.4%. It was indicated 
that the severity of reduction in volumetric parameters of the brain increased in proportion 

to the duration of MS.

It was not found a clear relationship between the level of reduction in GM and WM volume of 
the brain and EDSS. But there was a positive relationship between the amount of Hypo lesions 
in the white matter of the brain and EDSS. We discovered that the parameters of neuropsycho‐

logical testing in patients with MS was worse than in CONTROL, and at exacerbation period, 
there was marked a more significant decline. We identified a probable correlation between 
reduced volumetric and neuropsychological parameters.

3. Morphometry of the brain in Parkinson’s disease

Parkinson’s disease (PD) is currently the most common among neurodegenerative diseases, 
its incidence is 200–300 cases per 100 thousand people. In Russia, according to epidemio‐

logical studies in some regions, the prevalence of PD is only 40–140 cases per 100 thousand 
population, which is considerably lower than in Western Europe and North America. The 
pathogenesis of PD is of great importance to the accumulation of intracellular inclusions (Levi 

Parameters (mm3) CONTROL MS

The total volume of cortical GM 521763.46 449010.5

The volume of subcortical GM1v 63915.5 50008.38

The total GM volume 696492.4 607442.001

The total volume of WM 503950.6 401106.7975

The volume of the lateral ventricles 14853.5 27396.225

Volume III ventricle 1221.7 1610.95

Volume IV ventricle 1764.6 1970.5

The volume of the cerebellum 158134.7 135249.45

The volume of the thalami 16330.5 12157.15

The hippocampal volume 10146.9 7818.45

The volume of the corpus callosum 3261.9 1740.55

The volume of hypointensive lesions in brain WM 899 8915.1

The volume of hypointensive lesions in brain GM 9.6 33.75

Table 1. The volume of the brain by MRI in patients with MS and CONTROL obtained by voxel morphometry (own 
data).
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bodies) in the neurons located in the compact part of the substantia nigra (SN), reflecting 
progressive neurodegeneration. Motor symptoms of PD are manifested at the stage when it 
is killed not less than 50% of dopaminergic neurons of the SN, and the typical picture of the 
disease is fully formed during the destruction of 80% of the cells [24].

Due to the decrease in the number of neurons of the SN, the number of dopaminergic pro‐

jections at the rear parts of the putamen is reduced that leads to the development of a triad 

of characteristic motor symptoms of PD—static tremor, bradykinesia, and rigidity, which is 
deployed in the next stages of the disease with postural instability. In the early stages of PD, 
not all symptoms are expressed equally; therefore, there are difficulties of differential diag‐

nostics of PD and symptomatic parkinsonism, torsion dystonia, and essential tremor that are 
not associated with degeneration of nigral neurons and a deficit of dopamine in the striatum, 
while in 15% of cases, the diagnosis of PD is wrong [25–28]. The complexity of differential 
diagnosis and, to some extent, delayed the debut of the classic clinical symptoms leading to 

late diagnosis of the neurodegenerative process and the low efficiency of symptomatic treat‐
ment, while the possibilities for pathogenetic help have been lost.

At this time, the researchers are studying actively the predictive value of various non‐motor 

symptoms that occur in the early stages of PD, as these symptoms of neurodegeneration man‐

ifest long before the development of the classic triad of motor symptoms. Known early signs 
of violations of smell, changes in the regulation of cardiac activity, disorders of motility of 

the gastrointestinal tract, ultrasound signs of early degeneration, disaster, and other changes, 

because they precede the manifestation of motor symptoms of PD in the years.

As a result of improving traditional methods of functional neuroimaging, the studies have 

been aimed at identifying qualitative and quantitative indicators of the morphology of the 

brain in PD. In this connection, the special interest is the study of dopaminergic structures of 
the brain stem. Despite the fact that currently there are data from multiple studies, obtained 
facts are rather contradictory. The difference in the results of volumetric studies of the SN in 
PD could be attributed to the difficulty of identifying the boundaries between the compact 
and reticular parts of the SN, lack of opportunity of contrasting these structures, individual 
differences in the volume of the midbrain and medulla in general [28, 29].

Using diffusion tensor MRI Tessa et al. [30] revealed the signs of a diffuse reduction in the 
volume of gray matter of the cerebral hemispheres in patients with newly diagnosed PD who 
did not receive specific therapy. These data are consistent with the hypothesis of PD stages of 
Braak [25], claiming that at the time of the manifestation of motor symptoms process of neu‐

rodegeneration is already becoming common. The authors found differences in the severity of 
atrophy with a predominance of rigidity or tremor obtained by using sophisticated statistical 
techniques, however, do not seem convincing. Some researchers using this technique revealed 
changes in the thalamus, SN, and its ascending and descending pathways in PD [31–33].

T1‐, T2‐, and T2*‐WI were used previously to study the anatomy of the midbrain, it is assumed 
that T1‐WI better reflects the lower divisions, however, none of the modes did not allow to 
distinguish the compact and reticular parts of CHS [34, 35]. Routine T1‐ and T2‐WI MRI do 

not reveal accurate structural changes in the SN in PD, which confirms its idiopathic nature. 
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Morphometric studies, using voxel morphometry obtained by different researchers, are con‐

tradictory, probably due to the difficulty of tracing the boundaries of the compact part of SN.

The contrast ratio of the SN is determined by the accumulation in it neuromelanin, ferritin and 
other iron substances, whose concentration is changed by natural aging, so in PD and other 
neurodegenerations. Reticular part of SN contains more iron than its compact part, which is 
manifested by hypotensivity of this area due to the decrease of the relaxation time T2. The 

compact part of SN contains more neuromelanin, and the iron atoms in them are in the bound 
state with the ferritin [36, 37].

Oikawa et al. [38] did not note significant changes of size and density of CHS in studies in 
modes T2 and proton density. Minati et al. [39] using the T1 with the suppression of the signal 
from gray and white matter in PD revealed hypointensity signal from the external part of the 
SN, mainly the reticular part of it. The authors in the study of SN at the level of the chiasm 
above the upper legs of the cerebellum said that there is significantly smaller area in patients 
with PD (72.2 ± 27.4 mm2) than in healthy individuals at similar (88.8 ± 28.7 mm2) or young age 

(of 91.8 ± 29.4 per mm2). The authors have not performed the volumetric study.

We carried out the clinical and neuroimaging examination of 4 groups of patients: 10 patients 
with the initial manifestations of PD, stage 1 on Hoehn and Yahr scale (PD1) [40], 10 patients 
with severe clinical manifestations, stage 3 on Hoehn and Yahr scale (PD2), 10 patients with 
early manifestations of CVD, after a transient ischemic attack (TIA) or minor/lacunar stroke 
with complete or almost complete regression of neurological deficits (CVD1), and 10 patients 
with severe manifestations of CVD after suffering repeated small/lacunar stroke (CVD2). The 
diagnosis of PD was established in accordance with generally accepted criteria of brain Bank 
of the UK PD society [41]. Control group (CONTROL) consisted of 10 apparently healthy 
persons aged 21–48 years.

MRI study was conducted on “Initial Achieva 3.0 T” (Philips Medical System Nederland BV) with 
a magnetic field of 3 T. The study protocol included the use of T2‐ and T2*‐weighted images (T2‐
Wi, T2*‐WI) using pulse sequences TSE (Turbo spin echo), FFE (Fast field echo), GraSE (Gradient 
spin echo). The orientation of slices was conducted nearly to the axial plane, parallel to the line 
connecting the middle of the chiasm and the lower contour of the corpus callosum  splenium. To 
explore dopaminergic structures of the brain stem, the middle block of the scanned sections was 
located between the upper and lower hillocks of the corpora quadrigemina. Also, we carried out 
the scanning in the coronal and axial planes, perpendicular to the main axial plane.

Regional assessment of the volume of brain matter of cerebral hemispheres and the CSF, GM, 
and WM of the midbrain were performed by the volumetric morphometry. For the region of 
the cerebral hemispheres, we used axial slices extending above the cavity of the third ven‐

tricle, through the bodies of the lateral ventricles, above the insula. After visual determination 

of the zone of interest, we performed automatic segmentation on the GM + WM and CSF.

To determine the volumetric characteristics of SN, we investigated sections of the midbrain in 
T2‐WI and FLAIR. T2 and T2* relaxation time changes as a result of the accumulation of iron 

in the area of SN in PD patients (Figure 1). The highest contrast of images we obtained in the 
FLAIR MRI. Study of SN included in its entirety as Hypo‐region compared to the white matter 
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of the midbrain. The normalization of the size SN on the volume of the midbrain did not per‐

form. For accurate tracing of the boundaries of SN and the nucleus ruber (NR), we used schemes 
Duvernoy’s Atlas of the Human Brain Stem and Cerebellum [42].

The boundaries of SN and NR were traced manually. The border was carried out by the 
regions, having approximately the intermediate brightness signal between SN and surround‐

ing white matter. To reduce the subjective factor, the study was conducted by two experts 
independently from each other.

A significant decrease in the brain volume compared to the CONTROL was observed only in 
the groups CVD1 and CVD2, while the increase in the volume of subarachnoid spaces was 
observed in all patients. The PD1 group showed a trend toward increasing the share of space 
filled with CSF in the preservation compared to the normal shares of the brain tissue. Patients 
of the PD2 group, along with the increase in the share of space filled with CSF, showed a trend 
toward a decrease of the relative volume of brain matter. The greatest reduction in the volume 
of brain matter with a corresponding increase space filled with CSF was observed in the CVD2 
group. The difference was statistically significant with the PD1 and PD2 groups (Table 2).

We carried out morphometry of SN in PD [43]. Although the amount of SN in PD1 patients was 
slightly lower than in the CONTROL, but the difference was not significant. At the same time 
in PD2 patients, the volume of SN was significantly higher than in PD1 patients (Figure 2). It 

should be emphasized that the indicators include both compact and reticular part of SN, and 
hypotensive of this zone was determined by the accumulation neuromelanin, ferritin, and 

Figure 1. Images of the midbrain from the ponto‐mesencephalic (1) to mesencephalic‐diencephalic transition (9) on 

T2‐WI (slice thickness 2 mm, the distance between the slices–0 mm). In Sections 3–8 visualized SN, in Sections 5–9—NR, 
slice 9–the subthalamic nucleus (arrow) positioned as a continuation of SN at the diencephalic level (own data).
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other organic iron compounds. Previously, researchers revealed hyperechogenicity of the SN 
in patients with PD in transcranial ultrasonography. Obviously, in this case, MRI revealed a 
phenomenon similar to ultrasonography.

Thus, MRI neuroimaging of dopaminergic structures of the brain stem is feasible, it can detect 

volumetric changes reflecting a neurodegenerative process. Although the positron emission 
tomography allows to obtain more information regarding the functional state of the dopa‐

minergic structures in PD; however, this method remains inaccessible. Therefore, voxel mor‐

phometry of SN is a useful method of diagnosis and monitoring of PD patients.
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Figure 2. Volume of SN according to the results of morphometry axial slices (in mm3) in the T2‐Wi and FLAIR in PD1, 
PD2, and CONTROL. The horizontal line indicates the median in each group (own data).

Group Volume of brain matter Volume of the lateral ventricles Volume of the subarachnoid space

PD1 0.85 ± 0.01 0.04 ± 0.003 A 0.11 ± 0.01 A

PD2 0.82 ± 0.01 A 0.06 ± 0.01 B 0.12 ± 0.01 A

CVD1 0.81 ± 0.01 A, B 0.07 ± 0.004 B 0.12 ± 0.01 A

CVD2 0.78 ± 0.01 A, B, C 0.09 ± 0.01 A, B, C 0.12 ± 0.01 A

CONTROL 0.87 ± 0.01 0.06 ± 0.01 0.07 ± 0.01

Abbreviations: A, p < 0.01 value is calculated against CONTROL; B, p < 0.01 value is calculated against PD1; C, p < 0.05 
value is calculated against PD2 by volume of the brain and p < 0.01 for the volume of the lateral ventricles.

Table 2. The ratio of the volumes of brain matter and spaces filled with CSF, in patients with PD, CVD, and control group 
(M ± m) (own data).

New Insights into Morphometry Studies56



References

[1] Wippold FJ 2nd, Brown DC, Broderick DF, Burns J, Corey AS, Deshmukh TK, Douglas 
AC, Holloway K, Jagadeesan BD, Jurgens JS, Kennedy TA, Patel ND, Perlmutter JS, 
Rosenow JM, Slavin K, Subramaniam RM. ACR appropriateness criteria dementia and 
movement disorders. Journal of the American College of Radiology. 2015;12(1):19‐28. 
DOI: 10.1016/j.jacr.2014.09.025

[2] Suckling J, Nestor LJ. The neurobiology of addiction: The perspective from magnetic res‐

onance imaging present and future. Addiction. Feb 2017;112(2):360‐369. DOI: 10.1111/
add.13474

[3] Ashburner J, Friston KJ. Voxel‐based morphometry—The methods. NeuroImage. 2000; 
11:805‐821

[4] Wright IC, McGuire PK, Poline JB, Travere JM, Murray RM, Frith CD, Frackowiak RS, 
Friston KJ. A voxel‐based method for the statistical analysis of gray and white matter 
density applied to schizophrenia. Neuroimage. 1995;2(4):244‐252

[5] Wu P, Zhou YM, Zeng F, Li ZJ, Luo L, Li YX, Fan W, Qiu LH, Qin W, Chen L, Bai L, 
Nie J, Zhang S, Xiong Y, Bai Y, Yin CX, Liang FR. Regional brain structural abnormality 
in ischemic stroke patients: A voxel‐based morphometry study. Neural Regeneration 
Research. 2016;11(9):1424‐1430

[6] Compston A, Coles A. Multiple sclerosis. Lancet. 2008;372 (9648):1502‐1517. DOI: 
10.1016/S0140‐6736(08)61620‐7

[7] Lucchinetti C, Brück W, Parisi J, Scheithauer B, Rodriguez M, Lassmann H. Heterogeneity 
of multiple sclerosis lesions: implications for the pathogenesis of demyelination. Annals 
of Neurology. 2000;47(6):707‐717

[8] Milo R, Kahana E. Multiple sclerosis: Geoepidemiology, genetics and the environment. 
Autoimmunity Reviews. 2010;9(5):A387‐94. DOI: 10.1016/j.autrev.2009.11.010

[9] Polman CH, Reingold SC, Banwell B, Clanet M, Cohen JA, Filippi M, Fujihara K, 
Havrdova E, Hutchinson M, Kappos L, Lublin FD, Montalban X, O’Connor P, Sandberg‐
Wollheim M, Thompson AJ, Waubant E, Weinshenker B, Wolinsky JS. Diagnostic criteria 
for multiple sclerosis: 2010 revisions to the McDonald criteria. Annals of Neurology. 
2011;69(2):292‐302. DOI: 10.1002/ana.22366

[10] Uher T, Horakova D, Kalincik T, Bergsland N, Tyblova M, Ramasamy DP, Seidl Z, 
Vaneckova M, Krasensky J, Havrdova E, Zivadinov R. Early magnetic resonance imag‐

ing predictors of clinical progression after 48 months in clinically isolated syndrome 
patients treated with intramuscular interferon β‐1a. European Journal of Neurology. 

2015;22(7):1113‐1123. DOI: 10.1111/ene.12716

[11] Sormani MP, Arnold DL, De Stefano N. Treatment effect on brain atrophy correlates with 
treatment effect on disability in multiple sclerosis. Annals of Neurology. 2014;75(1):43‐
49. DOI: 10.1002/ana.24018

MRI Morphometry of the Brain and Neurological Diseases
http://dx.doi.org/10.5772/intechopen.69098

57



[12] Radue EW, Barkhof F, Kappos L, Sprenger T, Häring DA, de Vera A, von Rosenstiel 
P, Bright JR, Francis G, Cohen JA. Correlation between brain volume loss and clinical 
and MRI outcomes in multiple sclerosis. Neurology. 2015;84(8):784‐793. DOI: 10.1212/
WNL.0000000000001281

[13] Sailer M, Fischl B, Salat D, Tempelmann C, Schonfeld MA, Busa E, Bodammer N, 
Heinze HJ, Dale A. Focal thinning of the cerebral cortex in multiple sclerosis. Brain 
2003;126:1734‐1744

[14] Moccia M, Quarantelli M, Lanzillo R, Cocozza S, Carotenuto A, Carotenuto B, Alfano B, 
Prinster A, Triassi M, Nardone A, Palladino R, Brunetti A, Brescia Morra V. Grey: white 
matter ratio at diagnosis and the risk of 10‐year multiple sclerosis progression. European 
Journal of Neurology. 2017;24(1):195‐204. DOI: 10.1111/ene.13183

[15] Lansley J, Mataix‐Cols D, Grau M, Radua J, Sastre‐Garriga J. Localized grey matter 
atrophy in multiple sclerosis: A meta‐analysis of voxel‐based morphometry studies 
and associations with functional disability. Neuroscience & Biobehavioral Reviews. 
2013;37(5):819‐830. DOI: 10.1016/j.neubiorev.2013.03.006

[16] Jacobsen C, Hagemeier J, Myhr KM, Nyland H, Lode K, Bergsland N, Ramasamy DP, 
Dalaker TO, Larsen JP, Farbu E, Zivadinov R. Brain atrophy and disability progres‐

sion in multiple sclerosis patients: A 10‐year follow‐up study. Journal of Neurology, 
Neurosurgery, and Psychiatry. 2014;85(10):1109‐1115. DOI: 10.1136/jnnp‐2013‐306906

[17] Zivadinov R, Reder AT, Filippi M, Minagar A, Stüve O, Lassmann H, Racke MK, Dwyer 
MG, Frohman EM, Khan O. Mechanisms of action of disease‐modifying agents and brain 
volume changes in multiple sclerosis. Neurology. 2008;71(2):136‐144. DOI: 10.1212/01.
wnl.0000316810.01120.05

[18] Carone DA, Benedict RH, Dwyer MG, Cookfair DL, Srinivasaraghavan B, Tjoa CW, et al. 
Semi‐automatic brain region extraction (SABRE) reveals superior cortical and deep gray 
matter atrophy in MS. Neuroimage. 2005;29(2):505‐514

[19] Morgen K, Sammer G, Courtney SM, Wolters T, Melchior H, Blecker CR, Oschmann P, 
Kaps M, Vaitl D. Evidence for a direct association between cortical atrophy and cognitive 
impairment in relapsing‐remitting MS. NeuroImage. 2006;30:891‐898

[20] Audoin B, Davies GR, Finisku L, Chard DT, Thompson AJ, Miller DH. Localization of 
grey matter atrophy in early RRMS: A longitudinal study. NeuroImage. 2006;253(11): 
1495‐1501

[21] Sepulcre J, Sastre‐Garriga J, Cercignani M, Ingle GT, Miller DH, Thompson AJ. Regional 
gray matter atrophy in early primary progressive multiple sclerosis: A voxel‐based mor‐

phometry study. Archives of Neurology. 2006;63(8):1175‐1180

[22] Fisniku LK, Chard DT, Jackson JS, Anderson VM, Altmann DR, Miszkiel KA, Thompson 
AJ, Miller DH. Gray matter atrophy is related to longterm disability in multiple sclerosis. 
Annals of Neurology. 2008;64:247‐254

New Insights into Morphometry Studies58



[23] Calabrese M, Rinaldi F, Mattisi I, Grossi P, Favaretto A, Atzori M, Bernardi V, Barachino 
L, Romualdi C, Rinaldi L, Perini P, Gallo P. Widespread cortical thinning characterizes 
patients with MS with mild cognitive impairment. Neurology. 2010;74(4):321‐328. DOI: 
10.1212/WNL.0b013e3181cbcd03

[24] Braak H, Del Tredici K, Rüb U, de Vos RA, Jansen Steur EN, Braak E. Staging of brain 
pathology related to sporadic Parkinson’s disease. Neurobiology of Aging. 2003;24(2): 
197‐211

[25] Braak H, Rub U, Jansen Steur EN, Del Tredici K, de Vos RA. Cognitive status correlates 
with neuropathologic stage in Parkinson disease. Neurology. 2005;64(8):1404‐1410

[26] Whone AL, Watts RL, Stoessl J, et al. Slower progression of PD with ropinirole versus 
L‐dopa: The REAL‐PET study. Annals of Neurology. 2003;54(1):93‐101

[27] Schneider SA, Obeso JA. Clinical and pathological features of Parkinson’s disease. Current 
Topics in Behavioral Neurosciences. 2015;22:205‐220. DOI: 10.1007/7854_2014_317

[28] Brooks DJ. Imaging approaches to Parkinson disease. Journal of Nuclear Medicine. 
2010;51(4):596‐609

[29] Geng DY, Li YX, Zee CS. Magnetic resonance imaging‐based volumetric analysis of basal 
ganglia nuclei and substantia nigra in patients with Parkinson’s disease. Neurosurgery. 
2006;58(2):256‐262

[30] Tessa C, Giannelli M, Della Nave R, Lucetti C, Berti C, Ginestroni A, Bonuccelli U, 
Mascalchi M. A whole‐brain analysis in De Novo Parkinson disease. American Journal 
of Neuroradiology. 2008;29(4):674‐680

[31] McKeown MJ, Uthama A, Abugharbieh R, Palmer S, Lewis M, Huang X. Shape (but not 
volume) changes in the thalami in Parkinson disease. BMC Neurology. 2008;8:8. DOI: 
10.1186/1471‐2377‐8‐8

[32] Menke RA, Scholz J, Miller KL, Deoni S, Jbabdi S, Matthews PM, Zarei M. MRI charac‐

teristics of the substantia nigra in Parkinson’s disease: A combined quantitative T1 and 
DTI study. Neuroimage. 2009;47(2):435‐441

[33] Vaillancourt DE, Spraker MB, Prodoehl J, Abraham I, Corcos DM, Zhou XJ, Comella CL, 
Little DM. High‐resolution diffusion tensor imaging in the substantia nigra of de novo 
Parkinson disease. Neurology. 2009;72(16):1378‐1384

[34] Manova ES, Habib CA, Boikov AS, Ayaz M, Khan A, Kirsch WM, Kido DK, Haacke EM. 
Characterizing the mesencephalon using susceptibility‐weighted imaging. American 
Journal of Neuroradiology. 2009;30(3):569‐574

[35] Sasaki M, Shibata E, Tohyama K, Takahashi J, Otsuka K, Tsuchiya K, Takahashi S, Ehara 
S, Terayama Y, Sakai A. Neuromelanin magnetic resonance imaging of locus ceruleus 
and substantia nigra in Parkinson’s disease. Neuroreport. 2006;17(11):1215‐1218

[36] Double K, Gerlach M, Schünemann V, Trautwein AX, Zecca L, Gallorini M, Youdim MB, 
Riederer P, Ben‐Shachar D. Iron‐binding characteristics of neuromelanin of the human 
substantia nigra. Biochemical Pharmacology. 2003;66(3):489‐494

MRI Morphometry of the Brain and Neurological Diseases
http://dx.doi.org/10.5772/intechopen.69098

59



[37] Zecca L, Gallorini M, Schuenemann V, Trautwein AX, Gerlach M, Riederer P, Vezzoni P, 
Tampellini D. Iron, neuromelanin and ferritin content in the substantia nigra of normal 
subjects at different ages: Consequences for iron storage and neurodegenerative pro‐

cesses. Journal of Neurochemistry. 2001;76(6):1766‐1773

[38] Oikawa H, Sasaki M, Tamakawa Y, Ehara S, Tohyama K. The substantia nigra in Parkinson 
disease: Proton density‐weighted spin‐echo and fast short inversion time inversion‐
recovery MR findings. American Journal of Neuroradiology. 2002;23(10):1747‐1756

[39] Minati L, Grisoli M, Carella F, De Simone T, Bruzzone MG, Savoiardo M. Imaging 
degeneration of the substantia nigra in Parkinson disease with inversion‐recovery MR 
imaging. American Journal of Neuroradiology. 2007;28(2):309‐313

[40] Hoehn MM, Yahr MD. Parkinsonism: Onset, progression, and mortality. Neurology. 
1967;17(5):427‐442

[41] Hughes AJ, Daniel SE, Blankson S, Lees AJ. A clinicopathologic study of 100 cases of 
Parkinson’s disease. Archives of Neurology.1993;50(2):140‐148

[42] Naidich ThP, Duvernoy HM, Delman BN, Sorensen AG, Kollias SS, Haacke EM. 
Duvernoy’s Atlas of the Human Brain Stem and Cerebellum. Wien: Springer‐Verlag; 
2009. pp. 53‐116

[43] Bogdanov RR, Manannikova EI, Abrabenko AS, Maratkanova TV, Kotov SV. Morpho‐
metric parameters of the neurodegenerative process in Parkinson’s disease and chronic  

cerebral ischemia. [Article in Russian] Zh Nevrol Psikhiatr Im S S Korsakova. 2013; 
113(10):40‐44

New Insights into Morphometry Studies60


