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The theory of systemic and dynamic localization of higher mental functions by Lev Vygotsky and
Alexander Luria was based on the data obtained via an original method, syndrome analysis of deficits
of higher mental functions in patients with local brain injury. When this theory was being constructed,
technical methods for brain investigation were only in their early stages. Although in later years Luria
and his disciples pointed out that such methods were prominent for further development of Soviet/Rus-
sian neuropsychology, they are still rarely used by the followers of these scientists. In this article, we
focus on neuroimaging and neurostimulation methods that are both noninvasive and the most accessible
in Russia: structural, diffusion-weighted, and functional magnetic resonance imaging, as well as tran-
scranial magnetic stimulation. We discuss their scope and perspectives for addressing research questions
in neuropsychology and describe possible designs for neuropsychological studies in patients with local
brain injury and healthy individuals.
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Teopusi CHCTEMHOI MHAMIYECKOW JIOKAJIM3AIMN BBICIINX MICUXUYECKUX (QYHKIMIA Oblia pasdpaborana
JI.C. Beirorcknm u A.P. Jlypueil Ha ocHOBe JaHHBIX, MOJYYEHHBIX C TIOMOIIBIO OPUTUHATBHOTO MeTo/Ia —
CUH/IPOMHOTO aHAJIN3a HAPYIIEHWH BBICITMX IICUXUYECKUX (DYHKIINI Y MAIIMEHTOB € JIOKATbHBIMU TTOPAKEHH-
SIMH TOJIOBHOTO MO3Ta. B 1iepros; pazpaboTKu 5Toit TeOpUH alapaTHbie METO/IbI M3y4eHHsI TOJOBHOTO MO3Ta
€llle TOJIbKO 3apOsKaaich. Xotst B Gosiee mo3auue ropl A.P. JIypus u ero yueHnKY yKa3blBalu Ha BAKHOCTD
ITPUMEHEH ST TAKUX METOJIOB JIJIsT IAJIbHEHIIIEr0 PA3BUTHSI OTEYeCTBEHHOI HEIPOTICUXOIOTUH, OHU /IO CUX TTIOP
PEJIKO HCIIONB3YIOTCST B paboTax MOCIe[oBaTeNell STUX yueHbIX. B laHHoi cratbe Mbl 00CYANM BO3MOKHOCTI
MIPUMeHEHsI HeMHBAa3UBHBIX M HanboJIee TOCTYIHBIX B Pocciit METOIOB HelPOBU3YaIM3alii (CTPYKTYpHASI,
i dysnoHHO-B3BellleHHas 1 (hyHKIIMOHAIbHAS MarHUTHO-PE30HAHCHAs ToOMOTrpacusi) U HEHPOCTUMYJIsI-
nuu (TPaHCKPAHUAIbHAS MarHUTHAS CTUMYJISIIUS) /IS OTBETOB HA MHTEPECYIOINe HelPOIICHXO0JIOTOB HC-
CJIeIOBATENILCKIE BOTIPOCK, & TAKIKE OIMHIIEM BO3MOKHbIE TUIAHBI HEHPOIICUXOJOTHYECKUX UCCIEIOBAHUI ¢
y4YaCTUEM IMAIUEHTOB C JIOKATLHBIMU MOPAKEHUSIMI TOJIOBHOTO MO3Ta U 3/[0POBBIX JIOJIEN.
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Introduction brain structure and function began to develop intensive-

ly in the second half of the 20™ century. For a consider-

Neuropsychology, as a branch of science, appeared  able time, scientists had access to methods primarily as-
long before technical methods for the investigation of — sociated with local brain injury — in animal experiments
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and clinical observations of patients the exact injury
location of whom was defined post mortem. From the
1930s, the intraoperative mapping technique invented
by Wilder Penfield also became available to scientists.

Localization of mental processes in the human brain
was and remains one of the core theoretical issues of neu-
ropsychology. A prominent stage of its development was
the theory of systemic and dynamic localization (TSDL)
of higher mental functions (HMFs) proposed by the So-
viet neuropsychologists Lev Vygotsky and Alexander
Luria. This theory was a response to a scientific debate
of the 18—19% centuries between narrow localizationists
and equipotentialists, who either suggested localizing
separate mental processes (or faculties) directly in the
brain centers, or insisted on the equal impact of different
brain regions in mental processes, respectively. None of
these standpoints could explain the accumulated empiri-
cal data with any consistency (for a review, see [6]).

The TSDL is also based on data of local brain injury
in humans. The location of injury was usually defined in
vivo according either to the relative location of a skull
fracture due to penetrating trauma or to the results of
neurosurgery. However, the concept of function (i.e.,
what to localize) and the principles of its localization
were revised within this theory. Vygotsky introduced
the concept of HMFs as complex self-organizing pro-
cesses in human activity (thinking, language, perception,
etc.) which are voluntary, mediated by signs, and social
in their origin. The TSDL rests on two basic principles.

The principle of the systemic structure of HMFs im-
plies that a HMF is a functional system consisting of a
set of components, each of which provides a unique con-
tribution to this HMF and relies on the functioning of
particular brain structures. Consequently, a HMF may
become impaired due to a functional deficit of any com-
ponent, whereas the type of the impairment depends on
the location of an injury. A component of a HMF, i.e.,
a structural and functional unit characterized by a par-
ticular type of functioning of a particular brain region,
is called a neuropsychological factor. Therefore, the
main objective of neuropsychology within the TSDL
is articulated through the concept of HMFs as the in-
vestigation of their brain organization, i.e., the contri-
bution of different brain regions and structures to the
components of HMFs.

The main method of Soviet/Russian neuropsychol-
ogy, syndrome analysis, is closely linked to the principle
that HMFs have systemic structure. Syndrome analysis
was developed by Luria, and the data which the TSDL is
based on were obtained with this method. An examinee
is asked to perform a set of tasks aimed at the assessment
of a wide range of mental processes, then a neuropsy-
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chologist analyzes the neuropsychological symptoms
(i.e., impairments of HMFs) to identify the general cause
(factor) the pathological change in which explains the
origination of the former. The impairment of a factor and
a set of symptoms caused by it constitute a neuropsycho-
logical syndrome. As long as technical methods for the
diagnostics of brain injury were not accessible but data
on the relations between injuries and deficits of HMFs
were being accumulated, syndrome analysis was applied
for topical diagnostics (identification of injury location,
for instance, for surgical planning) and for functional di-
agnostics (qualification of the state of HMFs, inter alia,
the hierarchical structure of deficits). Nowadays, syn-
drome analysis is used in practice and research only for
functional diagnostics.

The principle that HMFs have a systemic structure
can be seen in the functional role of several brain regions
in language in right-handed individuals [2; 6; 12]. The
left inferior frontal gyrus is involved in the motor and
syntactic programming of speech and language. More
anterior left frontal regions are associated with the gen-
eration of the idea of an utterance and development of
the scheme of a sentence or text in inner speech. The
posterior part of the superior temporal gyrus conducts
phonemic analysis. The middle temporal gyrus supports
the sufficient span of auditory verbal memory and word
selection in the auditory form. The posterior inferior
temporal regions store visual images linked to words.
The inferior postcentral gyrus is involved in kinesthetic
aspects of articulation. Regions at the temporal-parietal-
occipital junction are relevant for the understanding of
logical-grammatical constructions and word selection
by meaning. The right hemisphere is implicated in prag-
matic aspects of language (for instance, understanding
of context; [1]). Subcortical structures support speech
tempo, phonation, and verbal activity.

The second principle of the TSDL — the principle of
the dynamic organization of HMFs — implies that HMFs
and underlying functional brain systems can change in
terms of their structure. First, the structure of HMFs
changes in ontogeny and with skill automatization. For
example, for a first grader, the act of writing activates vi-
sual, visuospatial, motor, auditory, and kinesthetic func-
tions, whereas for a high school student, the technical
operations are automatized, and the semantic organiza-
tion of writing becomes the most attentionally demand-
ing task [3]. Second, HMFs may be restructured through
their variable components depending on the conditions
and strategy of task performance. The variable compo-
nents are present in the structure of HMFs along with
invariant (i.e., constant, critically important) ones. For
instance, when there are many people around speaking
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loudly, to understand an interlocutor’s speech, one needs
to inhibit (filter out) the interfering messages, whereas
in a quiet environment, such an additional mechanism is
not required for language perception. Third, the reorga-
nization of HMFs is also possible in patients with a brain
injury [11]. In within-system reorganization, a HMF re-
lies on its components being intact. For instance, writ-
ing impairments due to poor phonemic analysis may be
partly compensated for by the kinesthetic components
of writing (i.e., speaking aloud). In between-system reor-
ganization, a HMF incorporates components from other
functional systems. For example, to remediate visual
perception of letters, a neuropsychologist may ask a pa-
tient to perform writing movements.

A study which addresses the dynamic reorganization
of the brain’s underpinnings of HMFs requires a lon-
gitudinal comparison of structural or functional brain
characteristics in the same individual, or at least a com-
parison between groups with and without the expected
reorganization. This was impossible before the emer-
gence of noninvasive methods of brain investigation.

These methods must have substantially enriched neu-
ropsychology. Evgeniya Khomskaya noted that a new,
psychophysiological line of research was established in ex-
perimental neuropsychology by Luria; and that he consid-
ered the development of psychophysiology which would
focus on complex, conscious, and voluntary forms of men-
tal activity to be the most pressing task in the field [10].
Thus, Luria and Khomskaya applied electroencephalog-
raphy in their studies. Khomskaya also stated that further
development of Russian neuropsychology was associated
with advances in technical methods for the diagnostics
of local brain injury (computed tomography, methods of
nuclear magnetic resonance, and others) [10].

However, neuroimaging methods — which Khom-
skaya referred to — long served neuropsychology only
as technical support for specification of the individual
location of brain injury (and at the same time, freed neu-
ropsychologists from the responsibility of topical diag-
nostics). For 45 years after Luria’s death, research capa-
bilities of these methods remained almost not demanded
by the TSDL and are still insufficiently integrated into
Russian neuropsychology.

We will further describe the scope of neuroimaging
and neurostimulation methods in neuropsychology. We
will focus on noninvasive methods that are the most ac-
cessible in Russia and seem the most prominent for the
development of the TSDL. They are magnetic resonance
imaging (MRI) — structural (sMRI), diffusion-weight-

"'Voxel is a basic element of a 3D MR image of the brain.
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ed (dMRI), and functional (fMRI), — and transcranial
magnetic stimulation (TMS). Possible designs of studies
on patients with local brain injury and healthy individu-
als that may inform neuropsychological theory in its dif-
ferent aspects will also be discussed.

Structural MRI

sMRI provides images of the brain wherein its tissues
(gray and white matter and cerebrospinal fluid) have
different intensity of pixels and voxels' on the gray scale
due to the variable magnetic characteristics of hydrogen
when it forms part of different molecules. With sMRI,
the location of brain injury can be defined with an ac-
curacy of fractions of a millimeter. Therefore, no descrip-
tion of a new clinical case important for neuropsychol-
ogy is complete without sMRI [29]. Notably, sMRI also
greatly adds to the understanding of historic cases. For
instance, SMRIs of the preserved brains of two famous
patients of Paul Broca demonstrated that their lesions
extended into the insula and superior longitudinal fas-
ciculus, in addition to lesions in the left inferior frontal
gyrus (Broca’s area) [20].

Converging data on the role of insular lesions in
deficits of language production were obtained with an-
other method which represents a natural extension of
the traditional neuropsychological studies of local brain
injury at a new technical level. This method, voxel-
based lesion-symptom mapping (VLSM; [14]), allows
researchers to analyze associations between quantitative
neuropsychological data and data on lesion location in
large clinical groups. Structural MRI images are labeled
manually or automatically so that a binary 3D brain
mask is obtained. In this mask, voxels corresponding to
intact and damaged brain tissues have the values of 0 and
1, respectively. Then, statistical analysis of each voxel is
carried out wherein the neuropsychological characteris-
tics are compared between the patient groups with and
without the lesions affecting this voxel. As a result, brain
regions the injury of which contributes to the severity
of a symptom may be revealed. In VLSM, there is also
a procedure to test whether the lesion of another brain
region is primary (i.e., has a direct causal role) for the
symptom. It is important to prevent incorrect inferences
because brain injury, especially of the vascular etiology,
often involves adjacent brain structures (e.g., the infe-
rior frontal gyrus and insula). Thus, VLSM conducted
on a large clinical group has demonstrated that injury
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to the inferior frontal gyrus per se causes speech fluency
deficits with prominently less likelihood than injury to
the anterior insula that had not been discovered in as
long a time [14]. These results are fully consistent with
the sMRI data on Broca’s patients.

sMRI can also be applied in studies of the intact brain,
wherein such a method as morphometry can be used. The
most technically simple but laborious techniques imply
manual segmentation of the brain structures in MR
images with subsequent analysis of their volume. The
voxel-based morphometry providing measures of gray
and white matter volume in each voxel is fully automa-
tized and was popular for a long time, due to the relative
simplicity of its implementation. However, it is strongly
criticized for the biases associated with the possibility of
imperfect spatial co-registration of brain images to one
another and with the inability to clarify the reason for
between-group differences — atrophy of tissue, a higher
number of sulci, or an increase in the area of gyri or corti-
cal thickness [15; 36]. These limitations can be overcome
with surface-based morphometry which provides mea-
sures of the thickness, area, and gyrification in different
brain regions. There are also methods for analyzing the
volume of subcortical structures [24].

Possible designs of neuropsychological studies us-
ing morphometry may imply the search for correlations
between morphometrical and neuropsychological char-
acteristics. For instance, the volume of gray matter and
cortical folding in the ventromedial, ventrolateral, and
dorsolateral prefrontal cortices predicted three compo-
nents of executive functions: common executive func-
tion, switching-specific, and updating-specific perfor-
mance, respectively [34]. Experimental study designs
are also possible, wherein the volume of a structure is
measured before and after the intervention — training
to improve a certain skill among the experimental group
and another activity among the control group. For ex-
ample, working memory training was shown to increase
gyrification in the parietal regions [37].

Diffusion-weighted MRI

This method measures the direction of diffusion of
water molecules in brain tissues in the magnetic field
during MRI. As white matter fibers are organized in
co-directional bundles, diffusion of water molecules
occurs predominantly along but not across the fi-
bers in the bundle. The simplest mathematical model

to describe the diffusion of water in tissues is a ten-
sor model?, for which diffusion tensor MRI, one of the
types of dMRI, is named. In this model, diffusion is
described by three eigenvectors (the direction of dif-
fusion) and three eigenvalues (the magnitude of diffu-
sion in the particular direction). These characteristics
or their combinations may provide information on the
white matter of the brain. Axial diffusivity, the value of
the highest vector, reflects diffusion along the neural
fibers, decreases in axonal injury, and increases with
brain maturation in ontogeny. Radial diffusivity, the
mean of the two vectors with lesser values, describes
diffusion in the transverse direction and is sensitive to
myelination. Radial diffusivity decreases in ontogeny
and increases in neurodegenerative diseases. Frac-
tional anisotropy reflects the degree of anisotropy (i.e.,
heterogeneity of directions) of diffusion of water mol-
ecules in each voxel® and is sensitive to any changes in
the white matter. However, this measure is non-spe-
cific, and for its precise interpretation, the measures of
radial and axial diffusivity should also be considered
[13]. The diffusion models allow researchers to con-
duct tractography, that is, a 3D reconstruction of the
white matter tracts.

dMRI may complement the structural-functional
model of the brain within the TSDL with data on the
functional role of white matter tracts. This can be done
through the analysis of correlations either between neu-
ropsychological symptoms and injury to the tracts [26]
or between white matter characteristics, in particular
tracts and neuropsychological measures in healthy indi-
viduals [28]. The contribution of the brain’s structural
connections to mental processes was left under-studied
in Soviet and later Russian neuropsychology (except
the role of the corpus callosum in the interhemispheric
interaction during different HMFs; e.g., [5]). When the
TSDL was being developed, methods for the individu-
al examination of white matter tracts in vivo were not
available, while their identification in post mortem brains
was laborious and required high proficiency. However,
white matter tracts are the infrastructure which allows
individual gray matter structures to unite in functional
systems. Injury to the tracts and even their separate seg-
ments causes particular symptoms (e.g., semantic and
phonological paraphasias induced by lesions in the in-
ferior fronto-occipital and arcuate fascicles, respectively
[21]). Therefore, the structural-functional organization
of white matter should not be ignored by neuropsycho-
logical studies.

2 More complex diffusion models such as the diffusion orientation distribution function overcome the limitations of the tensor model [22].
3 Diffusion is isotropic when eigenvalues are almost equal, and anisotropic when one of the eigenvalues is higher than the others.
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Functional MRI

fMRI is a method for functional brain mapping which
has a fairly high spatial resolution (usually 2—3 mm). It
is based on neurovascular coupling, through which the
enhancement of neuronal metabolism under neuronal
activation increases the regional blood flow in the brain.
Consequently, the ratio of oxy— to deoxyhemoglobin in
the venous blood changes. This can be detected by an
MR scanner as a local change of blood relaxation char-
acteristics during MRI and is reflected in changes of the
intensity of pixels and voxels in T2*-weighted images.
This technique is known as BOLD (blood oxygenation
level dependent) fMRI.

The most common application of fMRI in science is
that used to investigate brain activation in healthy in-
dividuals during task performance. Development of the
tasks loading particular neuropsychological factors is of
great interest for neuropsychology — this has not been
done so far. . To reveal activations specific for each mental
process, it is necessary to use at least two tasks, main and
control. The control and main conditions should differ
only in the content of the mental process of interest. For
instance, the main condition for a task aimed to load the
semantic processing of language may include the reading
of sentences, while the control condition may be the read-
ing of syllables; or listening to an audiobook versus listen-
ing to the same recording played backwards [9].

Otherimportant opportunities that the fMRI gives to
neuropsychology are the research of age-related changes
(e.g., [30]) and individual differences in the brain’s un-
derpinnings of HMFs. Brain localization of HMFs is
characterized by high interindividual variability (e.g.,
language [23], executive functions [33]).

Within the framework of the TSDL, fMRI can reveal
functional networks which include invariant and variable
components of HMFs. However, in contrast to sSMRI and
dMRI studies of local brain injury, invariant components
can be hard to isolate based on the data obtained from
brain activation studies. The presence of local activation
perse does not indicate that this activation is necessary for
the mental function. To identify invariant components, a
combined task analysis can be used. An examinee is asked
to perform several tasks aimed to load the same mental
process, and the invariant components are expected to be
present in all activation maps [9]. For example, common
components of activation in the tasks addressing inhibi-
tion [17; 25] are seen in the left dorsolateral prefrontal and
right insular cortices, as well as the cingulate and inferior
frontal gyri. Activation in the left fusiform gyrus specific
for the Stroop test may be related to word recognition.
Activation of the ventral attention network exclusive for

7”5

the Go/No-go task may be explained by the detection of
unexpected salient stimuli.

Apart from the analysis of brain activation, fMRI
provides the crucial opportunity for neuropsychology
to investigate functional connectivity (FC), through
which separate brain regions become the components of
asingle functional system [7]. The functional integration
between different brain regions is one of the core ideas of
the TSDL. HMFs can exist only due to the interaction
between highly differentiated brain structures, each of
which provides a unique contribution to the dynamic
functional systems [6]. Syndrome analysis, in contrast to
fMRI, is not able to reveal changes in the FC between
components of a functional system but only to assume
that the FC is impaired due to a deficit of a particular
component of a HMF.

Technically, the FC in fMRI is defined as a statistical
correlation between low-frequency (<0.1 Hz) fluctuations
of the BOLD-signal in different brain regions and subcor-
tical structures. The FC can be studied not only during
task performance but also at rest. In this case, the intrinsic
functional brain architecture is supposed to be analyzed.
Thus, a number of networks can be identified based on
resting-state fMRI data, including the frontoparietal net-
work, the default mode network, and the dorsal and ventral
attention networks [38]. Associations between the results
of outside-of-scanner neuropsychological assessment and
characteristics of the resting-state FC seem the most in-
teresting for neuropsychology. For instance, the FC of the
dorsolateral prefrontal cortex with different brain regions
was shown to be related to the switching, inhibition, and
verbal components of executive functions [32]. In the same
way, correlations between neuropsychological parameters
and FC, or activation during task performance, can be ana-
lyzed. Another perspective approach is lesion network map-
ping wherein a single study includes sMRI in patients with
brain injury to reveal regions that are crucially important
for a particular function, and fMRI in healthy individuals to
identify the FC of these regions [ 16].

Activation or FC during task performance and FC at
rest can also be analyzed in patients with local brain in-
jury — to explore compensatory reorganization of brain
functioning during the development of a disease or dur-
ing neuropsychological rehabilitation. Longitudinal
designs are perfect for such studies. For further direct
comparison, neurophysiological data should be obtained
under the same conditions for each patient before, dur-
ing, and after the rehabilitation, or before and after the
onset of a disease. As the latter design can be implement-
ed only in large screening studies, more feasible designs
imply the comparison of activation or FC between pa-
tients and healthy individuals and the analysis of cor-
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relations between neurophysiological and neuropsycho-
logical characteristics [35].

Transcranial magnetic stimulation

During TMS, a selected brain region is stimulated
with an alternating magnetic field generated by a coil.
The depth of stimulation is usually 2-3 c¢m, however,
with the application of some coils, this can be increased
up to 6 cm. Structural and functional MRI data can be
used to choose the brain region for stimulation. Depend-
ing on the parameters of stimulation, the neuronal activ-
ity in this region may either be facilitated or inhibited. It
is even possible to induce a so-called virtual lesion of a
particular brain region in healthy individuals. The virtu-
al lesion is an impairment of function of a stimulated re-
gion that is similar to symptoms of a real lesion but lasts
only for several seconds and is fully reversible [4]. When
the immediate effect of TMS (inhibitory or facilitatory)
persists, a researcher may compare the task performance
carried out by an examinee with her or his performance
without stimulation, during stimulation of another brain
region, or during sham (i.e., placebo) stimulation. Sham
stimulation causes the same auditory and tactile sensa-
tions as that in TMS but does not stimulate the brain [4].

TMS studies demonstrating the improvement of task
performance in healthy individuals [ 18] and possibilities
of therapy of cognitive impairments in local brain injury
[31] are also interesting for neuropsychology.

General discussion and conclusions

As can be concluded from the brief review presented
above, neuroimaging and neurostimulation methods can
be effectively implemented for the investigation of brain
organization of HMFs considered as multicomponent
functional systems with invariant and variable compo-
nents. These methods can complement the information
obtained through a neuropsychological syndrome analysis
using the data on brain phenomena. They can also be ap-
plied in more specific objectives of neuropsychology — for
the research of the structural-functional reorganization
of HMFs in ontogeny, after local brain injury, and due to
neuropsychological rehabilitation; and for the investiga-
tion of individual differences in the brain mechanisms of
HMFs. Neuroimaging methods have a high spatial accu-
racy that was non-existant during the early development
of the TSDL and provide opportunities crucial for neuro-
psychology — to analyze the functional (fMRI) and struc-
tural (AMRI) connectivity of the brain.
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In this article, we suggested some examples of neu-
ropsychological studies that apply neuroimaging and
neurostimulation methods. They are summarized in
Table 1.

Studies of the intact brain overcome a number of fun-
damental problems that arise during the examination
of patients with local brain injury. The main problem is
associated with the non-specific effects of brain injury
that always accompany brain diseases: alterations in the
vascular blood flow and dynamics of the circulation of
cerebrospinal fluid, inflammatory processes, and hyper-
tension-dislocation phenomena leading to abnormal dy-
namics of neural processes and an altered relationship
between processes of excitation and inhibition [6]. Fur-
thermore, examination of healthy individuals provides
more opportunities for the investigation of subcortical
brain structures. In patients with subcortical brain in-
jury, this is complicated with high morbidity, altered
states of consciousness [6], and severe motor symptoms
that may mask cognitive symptoms. Finally, a sample of
healthy individuals sufficient for the analysis is easier to
draw in contrast to several clinical groups matched by
sex, age, level of education; location, volume, and etiol-
ogy of a lesion; and time post-onset of the disease.

A prominent research issue is what hypotheses can
be tested in the study designs described above. One of
the main hypotheses for neuropsychology is a causal hy-
pothesis of the type “functioning of a brain region (X)
is necessary for HMF component (Y)”. The majority of
designs of intact brain studies (2, 4, 6, 8, 10; Table 1) are
able to test only hypotheses of type “X is related to Y”
but not necessarily critically important for Y. Research
on local brain injury (1, 3) brings us closer to the identi-
fication of the “X necessary for Y”, however, only quasi-
experimental study designs are possible in this case. A
researcher cannot control to whom and when different
levels of the independent variable (injury / its absence)
are presented, does not have complete information on
the effects of injury on the brain (e.g., diaschisis and neu-
roplasticity), and is not able to assess mental functions
before the injury. Therefore, strictly speaking, the above
causal hypothesis cannot be tested in such studies either.
When the data obtained on patients with brain injury
and on healthy individuals are interpreted in combina-
tion, a stronger level of inference is provided [19]. TMS
studies (12), in turn, are able to test the hypothesis on
causal relationships between the functioning of a num-
ber of cortical brain regions and components of HMFs
through a true experiment wherein the independent
variable (intervention) is controlled. Designs 11, 13, 14
are able to test causal hypotheses but of another kind: on
the change of a brain region due to learning aimed at im-
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Table 1

Designs of neuropsychological studies applying neuroimaging and neurostimulation methods

Method Object of study Study design Research questions in
neuropsychology
sMRI Local brain injury (1) Voxel-based comparisons of the severity Localization of the invariant compo-
of symptoms between patient groups with and nents of HMFs in the brain and the
without lesions in a voxel (VLSM) functional role of the white matter
tracts
Intact brain (2) Correlations between morphometric mea- Functional role of gray matter regions,
surements and data on cognitive functions. Com- |individual and age-related differences,
parison of these correlations between groups or | hemispheric asymmetry
hemispheres
dMRI Local brain injury (3,4) Correlations between characteristics of 3,4: Functional role of the tracts
(3), intact brain (4) | white matter tracts and results of neuropsycho- | 4: Individual and age-related differ-
logical assessment. Comparison of these correla- |ences, hemispheric asymmetry
tions between groups / hemispheres
tbfMRI Local brain injury (5,6) Investigation of brain activation or FC 6,8: Localization of invariant + vari-
(5,7), intact brain during task performance able components of HMFs in the brain,
(6,8) (7,8) Correlations between activation or interhemispheric interaction, individ-
FC during task performance and results of ual and age-related differences in FC,
neuropsychological assessment. Comparison of | volume of activation and localization
these correlations between groups or pointsin | of HMFs
time 5,7: Compensatory reorganization of
brain function due to disease or after
rehabilitation
rsfMRI Local brain injury (9,10) Correlations between FC at rest and the  |9: Compensatory brain reorganization
(9), intact brain (10) |results of neuropsychological assessment. Com- | 10: Contribution of the FC to HMFs,
parison of these correlations between groups, individual and age-related differences
conditions, or points in time
sMRI, Intact brain (11) Comparison of MRI measures between the | Reorganization of functional systems
dMRI, experimental group (which undergoes training  |in learning
tbfMRI, aimed at enhancing a particular function) and
rsfMRI the control group (another activity), before and
after the experimental intervention
TMS Intact brain (12) Description of impairments of HMFs dur- | Localization of invariant components
ing task performance with virtual lesions of brain | of HMFs in the brain
regions compared to sham stimulation
(13) Description of the effects of stimulation Functional role of a number of cortical
of brain regions to enhance task performance brain regions, hemispheric asymmetry,
compared to sham stimulation plasticity of HMFs in healthy indi-
viduals
Local brain injury (14) Description of the effects of stimulation Compensatory brain reorganization
of brain regions to remediate deficits of HMFs,
compared to sham stimulation

Note: tbfMRI is a task-based fMRI; rsfMRI is a resting-state fMRI.

proving a particular HMF (11) and on the contribution
of a brain region to the plasticity of HMFs in healthy
individuals (13) or during the compensatory reorganiza-
tion of HMFs (14).

An important problem that researchers will face in
studies with designs 1—4 and 7—10 is associated with
the necessity to present neuropsychological data in
quantitative scales. The elaboration of integrative quan-
titative indices reflecting the state of neuropsychologi-
cal factors is required to explore their brain organiza-
tion. This demands substantial consideration due to
the multicausality of a symptom — the same symptom
can be caused by the impairment of different factors.
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For instance, anomia may occur due to either poor vi-
sual perception, language impairments, or executive
deficits. This problem can be largely resolved with the
elaboration of a detailed classification of errors in each
task (based on their nature) and with the evaluation of
neuropsychological data by qualified and skilled neuro-
psychologists. Another problem, the subjective nature
of syndrome analysis, may be overcome through the de-
velopment of precise evaluation criteria. A system for
the quantitative estimation of the results of neuropsy-
chological assessment has already been developed by
the research group of Tatiana Akhutina in Russian child
neuropsychology. This complex system combines the
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qualitative analysis of a symptom with its scoring based
on its severity [8]. As a result, the integrative indices of
executive functions, serial organization of movements
and language, processing of kinesthetic, auditory, visu-
al, and visuospatial information, as well as the indices of
hyperactivity /impulsivity and fatigue/slow tempo are
derived from a set of single symptoms [27]. The com-
position of these indices is based on the theoretical con-
siderations, experience of syndrome analysis, and the
results of confirmatory factor analysis. The indices are
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calculated through the summation of the corresponding
standardized measures of performance in different tasks,
such as productivity and specific errors.

To conclude, a rich arsenal of up-to-date neuroimag-
ing and neurostimulation methods, in combination with
statistical data analysis, provide opportunities to ver-
ify, detail, and continue the development of the model
of structural-functional brain organization within the
TSDL using the data obtained on patients with brain in-
jury and on healthy individuals.
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