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The Gerstmann syndrome is a constellation of neurological deficits that include agraphia, acalculia, left–right discrimination and fin-
ger agnosia. Despite a growing interest in this clinical phenomenon, there remains controversy regarding the specific neuroanatomic
substrates involved. Advancements in data-driven, computational modelling provides an opportunity to create a unified cortical mod-
el with greater anatomic precision based on underlying structural and functional connectivity across complex cognitive domains. A
literature search was conducted for healthy task-based functional MRI and PET studies for the four cognitive domains underlying
Gerstmann’s tetrad using the electronic databases PubMed, Medline, and BrainMap Sleuth (2.4). Coordinate-based, meta-analytic
software was utilized to gather relevant regions of interest from included studies to create an activation likelihood estimation
(ALE) map for each cognitive domain. Machine-learning was used to match activated regions of the ALE to the corresponding parcel
from the cortical parcellation scheme previously published under the Human Connectome Project (HCP). Diffusion spectrum im-
aging-based tractography was performed to determine the structural connectivity between relevant parcels in each domain on 51
healthy subjects from the HCP database. Ultimately 102 functional MRI studies met our inclusion criteria. A frontoparietal network
was found to be involved in the four cognitive domains: calculation, writing, finger gnosis, and left–right orientation. There were three
parcels in the left hemisphere, where the ALE of at least three cognitive domains were found to be overlapping, specifically the anterior
intraparietal area, area 7 postcentral (7PC) and themedial intraparietal sulcus. These parcels surround the anteromedial portion of the
intraparietal sulcus. Area 7PC was found to be involved in all four domains. These regions were extensively connected in the intra-
parietal sulcus, as well as with a number of surrounding large-scale brain networks involved in higher-order functions. We present a
tractographicmodel of the four neural networks involved in the functions which are impaired inGerstmann syndrome.We identified a
‘Gerstmann Core’ of extensively connected functional regions where at least three of the four networks overlap. These results provide
clinically actionable and precise anatomic informationwhichmay help guide clinical translation in this region, such as during resective
brain surgery in or near the intraparietal sulcus, and provides an empiric basis for future study.
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functional MRI; FOP5= area frontal opercular 5; HCP=Human Connectome Project; i6-8= inferior 6-8 transitional area; IFJa=
inferior frontal junction area; IP0= area intraparietal 0; IP1= area intraparietal 1; IP2= area intraparietal 2; LIPv= area lateral
intraparietal ventral; LO1= area lateral occipital 1; MD=multiple demand; MI=middle insular area; MIP=medial intraparietal
sulcus; p32pr= area p32 prime; p9-46v= area posterior 9-46v; PFm= area PFm complex; POS2=parieto-occipital sulcus area 2;
ROI= region of interest; SCEF= supplementary and cingulate eye field; SLF= superior longitudinal fasciculus; STSvp= area superior
temporal sulcus ventral posterior; VIP= ventral intraparietal complex.

Graphical Abstract

Introduction
Gerstmann’s syndrome is a constellation of severe neuro-
logical deficits, namely agraphia, acalculia, finger agnosia,
and left–right discrimination.1,2 It is generally agreed to oc-
cur with damage to the dominant parietal lobe, often follow-
ing cerebral infarction. However, there is much debate
regarding the exact location of a cortical lesion within the
parietal lobe which can lead to such diverse clinical symp-
toms. This makes pure Gerstmann’s syndrome rare and
very difficult to study.3,4

Since its first characterization in the 1920s, much atten-
tion has focused on the possibility of an underlying
Grundstörung (common functional disturbance) in
Gerstmann’s syndrome due to its diversity in symptomology
amongst unique cognitive domains. Researchers and clini-
cians alike have both challenged and marvelled at the possi-
bility of a united neural commonality amongst diverse
neuro-behavioural functions.5,6 However, despite recent ad-
vancements in neuroimaging technology, few recent authors
have since attempted to, nor been successful in, providing an
accurate cortical model uniting Gerstmann’s functional im-
pairments.2,5,7 Electrostimulation studies have proposed a
spatial relationship based on proximity underlying the cogni-
tive domains but have been unsuccessful in providing a

unified model.3,8 Elsewhere, some have suggested the pres-
ence of common neural networks amongst functions of fin-
ger calculations and knowledge due to their similar
methods of developmental acquisition in children, whereas
others have disagreed with this notion and instead proposed
shared networks only remain amongst functions of finger
naming and left–right orientation.1,6 Importantly, Rusconi
et al.9,10 more recently suggested Gerstmann’s syndrome
may be related to intraparietal white matter disconnection
following subcortical injury according to a study on a small
sample of healthy subjects. While encouraging, the previous
results have yet to be verified and could be further improved
with coordinate-based methodology that can procure larger
amounts of neuroimaging data with less bias across the lit-
erature.9 Furthermore, the white matter connectivity and
large-scale brain networks underlying these neuro-
behavioural domains in this region have yet to be previously
explored in sufficient detail and may be addressed through
the use of a more anatomically fine parcellation scheme for
clinically actionable anatomic information.

In this context, we aimed to generate an anatomically-spe-
cific cortical model of the neuroanatomic substrates likely in-
volved in Gerstmann’s syndrome. The challenges of previous
work in creating a unified model of Gerstmann’s syndrome
are likely related to the rarity of this disorder in addition to
the heterogeneity of anatomical nomenclature utilized to
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compare results across the literature. Therefore, we em-
ployed a coordinate-based meta-analytic software to gener-
ate activation likelihood estimation (ALE) maps of
previously reported task-based fMRI-PET studies on healthy
subjects and then incorporated these results into a previously
established and anatomically-specific parcellation scheme
published under the Human Connectome Project (HCP).11

Through these functional analyses, we aimed to identify
the most likely cortical regions which may contribute to
the Gerstmann’s tetrad of symptoms. Furthermore, given
the recent focus on a disconnection hypothesis of this clinical
phenomenon, we sought to detail the connectivity of a
possible Gerstmann Core network through region-based
deterministic tractography specifically on key parcels identi-
fied in our functional analyses across each domain. The lo-
calization of neural substrates underlying the ability to
write, perform mathematics, distinguish left from right,
and discriminate one’s own finger to an anatomically
parcellated network could not only help address the long-
standing questions surrounding Gerstmann’s clinical phe-
nomenon but also provides actionable anatomic information
for clinical applications in this region, such as for resective
brain surgery,12 modulatory treatments,13 or early
prognostication.14

Materials and methods
Literature search
An extensive search strategy was devised and applied to the
electronic databases BrainMap Sleuth 2.4 (http://brainmap.
org/sleuth/) and Pubmed andMedline in three separate times
between September 2018 and February 2019.15–17 Each
database was queried for all years provided by the database
since its inception up until 2019. Numerous search algo-
rithms were utilized that focused on fMRI and PET studies
in relation to the four cognitive domains (writing, mathemat-
ical calculations, finger gnosis, left–right discrimination) and
their abnormal counterparts. The search strings included for
our literature review are the follows:
1. ‘writing OR Agraphia OR Language AND fMRI’
2. ‘writing OR Agraphia OR Language AND PET’
3. ‘finger gnosis OR finger agnosia OR finger movement OR

body structure representation OR motor attention OR
finger sense OR finger configuration AND fMRI’

4. ‘finger gnosis OR finger agnosia OR finger movement OR
body structure representation OR motor attention OR
finger sense OR finger configuration AND PET’

5. ‘math OR calculation OR counting OR acalculia OR
arithmetic OR numerical cognition AND fMRI’

6. ‘math OR calculation OR counting OR acalculia OR
arithmetic OR numerical cognition AND PET’

7. ‘left–right discrimination OR visuospatial attention OR
body knowledge OR body space relation OR body sche-
ma OR self-rotation OR mental rotation AND fMRI’

8. ‘left–sright discrimination OR visuospatial attention OR
body knowledge OR body space relation OR body sche-
ma OR self-rotation OR mental rotation AND PET’

Studies were only included if they satisfied the following
search criteria: (i) peer reviewed publication, (ii) task-based
or attention-based fMRI or PET study relating to one of
the four neurocognitive domains impaired in the
Gerstmann syndrome and (iii) reported standardized
coordinate-based results in the Talairach or Montreal
Neuroimaging Institute (MNI) coordinate space.

Overall, 102 articles met the criteria for inclusion in our
study: 13 related to finger gnosis, 34 related to left–right
discrimination, 27 related to writing and 28 for
arithmetic.18–120 These studies ultimately included only
fMRI studies as no PET studies were identified which also
met all of our inclusion criteria.

Machine-learning identification of
relevant cortical regions from
functionally activated regions
We used BrainMap GingerALE 2.3.6 to extract the relevant
fMRI data from all 102 studies to create an ALE map.121–123

All of the Talairach coordinates identified during the literature
reviewwere converted to theMNI coordinate space using SPM
Conversion in GingerALE. We subsequently performed a
Single Study analysis using cluster-level interference in the
MNI coordinate space (cluster level of 0.05, threshold permu-
tations of 1000, uncorrected P-value of 0.001) for each of the
functions separately. The ALE coordinate data was displayed
on an MNI-normalized template brain using the Multi-image
Analysis GUI (Mango; ric.uthscsa.edu/mango) 4.0.1.

Amachine-learning approachwas applied to determine rele-
vant parcels based on the Human Connectome Project
Multi-Modal Parcellation version 1.0 (HCP) atlas, which in-
cludes both cortical and subcortical parcels.11 This code was
created by the above authors for the purpose of incorporating
results from coordinate-based, meta-analyses into the HCP
parcellation scheme and has been previously utilized by our
team with great reproducibility.124 In brief, a sphere is placed
over theMNI coordinate of each ALE cluster, with a radius of
15 mm. The sphere is projected onto the HCP parcellation
schemawhich is also inMNI coordinates. The degree towhich
the sphere overlaps onto each HCP parcel (as a proportion of
spherical volume) is calculated. The parcel with the most over-
lap is designated as the primary parcel, and the equivalentHCP
parcel to that ALE cluster. A list of the included parcels was
generated according to a requirement of at least 10% overlap,
and ultimately included parcels were used to construct net-
work models of each function. We provide a full list of the re-
sults of this process in the Supplementary Data.

There is great debate on the heterogenous classifications of
Gerstmann’s syndrome that argues for 3, 4 or maybe more
co-occurring neurologic deficits, which may explain the
heterogenous battery of tests often employed in related
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studies and the subsequent rarity in its diagnosis.5,6

Furthermore, the presence of three or four Gerstmann symp-
toms has more lesion localizing value compared with two or
less concomitant symptoms.125 Given that the primary goal
of this study was to generate a cortical model which can pro-
vide clinically actionable anatomic information for clinical
translations in this region, such as resective brain surgery,
we sought to define ourmodel based on a less strict definition
that would not overestimate the precision of our statistical
analyses. Therefore, we decided the Gerstmann Core was de-
fined as the parcels that overlapped in at least three of four
cognitive domains in order to capture the most underlying
commonality in neuro-behavioural domains across the lar-
gest amount of data currently available in the literature.5,125

By using a strict cluster-level interference algorithm for our
functional analyses, these three regions would provide a
strong indication of the possible Gerstmann Core which like-
ly best contributes to all four cognitive domains.
Nonetheless, we also analyzed any regions which are shared
amongst all four domains as well in agreement with some of
the previous literature (See Supplementary Data for a full list
of all ALE clusters and parcels per domain).4

Structural network tractography
Complex experimental and computational data supports the
hypothesis that functionally connected regions of a network
tend to be structurally interconnected.126–129 Furthermore,
the structural interconnectedness of a brain network places
important constraints on the functional capacity of a net-
work and neurologic functioning.129 Therefore, we utilized
deterministic tractography based on publicly available neu-
roimaging data from the HCP database (http://
humanconnectome.org, release Q3) to generate original
data that could provide the basis of our cortical model.
These methods have been reiteratively refined and replicated
previously by our team with similar cortical regions and
across the human cerebrum with great reproducibility be-
tween studies.130–135 Diffusion imaging with corresponding
T1-weighted images from 51 healthy, unrelated subjects
were analyzed during fibre tracking analysis. Subject IDs
from this sample are presented in Supplementary Table 1.

The HCP data is minimally preprocessed as has been de-
scribed previously.136 In brief, this Minimal Preprocessing
Pipeline as described inGlasser et al 136 includes basic prepro-
cessing steps of (i) intensity normalization across runs, (ii) EPI
distortion correction, (iii) eddy current and motion correc-
tion, (iv) gradient nonlinearity correction and calculation of
gradient b-value/b-vector deviation, and (v) the registration
of mean b0 values to native volume T1w space and bringing
the diffusion data, gradient deviation and gradient directions
into 1.25 mm structural space. Finally, (vi) it masks the data
with the final brain mask on FreeSurfer segmentation.

All brains were registered to the Montreal Neurologic
Institute (MNI) coordinate space.137 The imaging is warped
to fit a standardized brain model comparison between sub-
jects.137 Tractography was performed in DSI Studio

(Carnegie Mellon, http://dsi-studio.labsolver.org) to better
handle the possibility of ‘crossing fibres,’ which can be diffi-
cult to manage with DTI-based tractography in parietal re-
gions.138–140 An ROI approach to initiate fibre tracking from
a user-defined seed region was completed, namely the seeds
being the specific parcels identified in our meta-analysis of the
literature.141 A two-ROI approach was used to isolate tracts
from seeded regions that selected from the overlapping acti-
vated cortical parcels identified in our ALE results.142 Voxels
within each ROI were automatically traced with a maximum
angular threshold of 45°. When a voxel was approached with
no tract direction or a direction .45°, the tract was halted.
The tracts were allowed to reach a maximum length of
800 mm before tractography was terminated. Exclusion
ROIs had to be placed at times to exclude tracts that were ob-
viously not involved in the white matter pathways of interest.

Measuring connection strength
To quantify the strength of the connections identified within
the four cognitive domains, the tracking parameters were
modified such that the software would only count the total
number of tracts between any two ROIs on a random seed
count of 2.5 million. We then worked sequentially through
the ROI pairs in the identified networks. We recorded the
number of tracts between the regions for each of the subjects
after deterministic fibre tractography was terminated under
these conditions. The strengths of the white matter connec-
tions between the four cognitive networks, as well as within
each network were computed by averaging the number of
tracts between each ROI pair of the networks across all the
subjects.

Data availability
The data that support the findings of this study are available
from the corresponding author upon reasonable request.
Information about our ALE findings and structural results
are presented in full in the Supplementary Data.

Results
Activation likelihood estimation
regions and their corresponding
parcellations
Figure 1 demonstrates theALEs of the task-based fMRI experi-
ments thatwere included in ourmeta-analysis, and Figure 2 de-
monstrates the parcel overlap for each ALE cluster.

Writing
We found 20 parcels that overlapped with the ALE for writing
(Fig. 3). These included left-sided areas 7 postcentral (7PC),
AIP (anterior intraparietal), lateral intraparietal, ventral, and
medial intraparietal (MIP) in the intraparietal area, areas 6a
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(6 anterior), 6ma (6medial anterior) and SCEF (supplementary
and cingulate eye field) in the premotor regions. Other regions
of interest included Area 4 in the motor strip, area PH, and su-
perior temporal sulcus ventral posterior in the left temporal
lobe, left-sided areas p9-46v (posterior 9-46 ventral) and 8C
in the lateral frontal lobe, and left areas 6v
(6 ventral), 45, thalamus, PFcm (parietal F, region CM), FOP
5 (frontal operculum 5), and bilateral 24dd (24 dorsal–dorsal).

Left–right discrimination
Eighteen parcels overlapped with the ALE for left–right dis-
crimination (Fig. 4). They included left-sided parcels 7PC,
AIP, MIP in the intraparietal area, area 6a (6 anterior) and
SCEF in the premotor region, Area 4 in the motor strip, areas
7PL (7 posterior–lateral), VIP (ventral intraparietal) and
7Am (7 anterior–medial) in the superior parietal areas, infer-
ior parietal area PGp (parietal area G, posterior), lateral par-
ietal area IP0 (intraparietal 0), PH in the temporal lobe and
occipital areas V4 and LO1 (lateral occipital 1). In addition,
right-sided MIP, POS2 (parieto-occipital sulcus 2), AIP and
6a were also overlapping the ALE.

Finger agnosia
Six parcels overlappedwith the ALE for finger agnosia which
included left-sided 7PC,MIP in the intraparietal area, Area 4

of the motor strip and 6d (6 dorsal) in the premotor region.
Plus, right-sidedMIP and 6a were also overlapping the ALE.
These can be seen in Fig. 5.

Arithmetic calculation
Nineteen parcels overlapped with the ALE for the arithmetic
core including left-sided 7PC, AIP and IP1 (intraparietal 1) in
the lateral parietal lobe, 6a and SCEF in the premotor region,
p9-46v, 44 and 8C in the lateral frontal lobe, inferior frontal
junction area in the inferior frontal lobe, anterior ventral in-
sula (AVI) in the insula, as seen in Fig. 6. In addition, right-
sided parcels AVI, middle insula, 6 rostral, p32pr (posterior
32 prime), IP1, IP2 (intraparietal 2), PFm (parietal F, part m),
6a and i6-8 (inferior 6-8) were also found.

Gerstmann core network
The ROIs to be included in the core of the Gerstmann’s syn-
drome were arrived at by identifying the parcels where the
ALEs overlapped in at least three or all of the four cognitive
domains. These were the left 7PC, left MIP and left AIP,
which are all present in the intraparietal sulcus. If consider-
ing the definitions provided by some other authors in the lit-
erature, evidence for a single shared functional regions was
also identified across all four cognitive domains, namely
area left 7PC. These results are represented in Fig. 7 and a

Figure 1 The activation likelihood estimation for the neurocognitive domains involved in Gerstmann syndrome. The activation
likelihood estimation clusters of the task-based fMRI experiments that were included in our meta-analysis for (A) writing, (B) left–right
discrimination, (C) finger agnosia and (D) arithmetic. The colour bar represents the ALE statistic, which increases in significance from bottom
(red) to top (yellow).

The connectome of Gerstmann syndrome BRAIN COMMUNICATIONS 2022: Page 5 of 18 | 5



simplified schematic diagram that highlights the white mat-
ter connections between the core of Gerstmann’s syndrome
and other parcels is also shown in Fig. 8.

Since writing andmathematical calculations require an in-
tact language network, the involved parcels were exclusively
left sided. Left–right discrimination and finger gnosis, on the
other hand did involve right-sided parcels and hence were bi-
lateral since these tasks are not strictly dependent on the lan-
guage network. Areas that were in the motor or premotor
regions were not included in the Gerstmann Core as tasks
that are required to activate the relevant functions often sim-
ultaneously involve the sensorimotor areas and therefore
may decrease the specificity of our model.5

Structural connectivity of the four
neurocognitive domains and their
relationship to gerstmann core
Deterministic tractography determined the structural con-
nectivity between the different networks and their connec-
tions to the Gerstmann Core. The 51 healthy, unrelated
subjects from the HCP database which were included in
these analyses demonstrated a mean age of 28.4 years and
consisted of slightly more females (51%) than males
(49%). The simplified structural results are shown in a

schematic wire diagram Fig. 8. In Supplementary Material
Table 1, we show the average number of tracts identified be-
tween the core parcels and between each domain network ac-
cording to intra- and inter-network connections. We also
provide the average number of connections between each
pair of parcels across each subject in the Supplementary
Material Table 2.

The cortical regions included in the connections can be
categorized into clusters based on the large-scale brain
networks they form a part of. We identified a multiple de-
mand (MD) network cluster (left MIP, left p9-46v, left
IP1, right MIP, and right AIP), a sensorimotor cluster
(left 4, left 6v, left 6d, left 6a, left 24dd, right 24dd, and
right 6a) and dorsal attention network (DAN) cluster
(left 7PC, left IPv, left PF, left PH, left 7PL, left VIP, and
left 7Am). The remaining cortical regions form a part of
the language, salience, visual and central executive
networks.

Numerous local, short-association white matter bundles
were found linking the Gerstmann Core. These intraparietal
fibres are likely part of the larger superior longitudinal fascic-
ulus (SLF), which links many of the Gerstmann Core regions
with the additional extra-core parcels discussed above.143

The SLF projects between the frontal, parietal and occipital
areas of the networks, as it courses within the subcortical
white matter around the Sylvian fissure (Fig. 3).

Figure 2 The parcels with the largest percentage overlap with each activation likelihood estimation cluster. Largest percentage
overlap parcel for (A) writing, (B) left–right discrimination, (C) finger agnosia and (D) arithmetic. 24dd, Dorsal Area 24d; 6a, Area 6 Anterior; 6d,
Dorsal Area 6; 6ma, Area 6mAnterior; 6r, Rostral Area 6; 6v, Ventral Area 6; 7Am, Medial Area 7A; 7PC, Area 7 postcentral; 7PL, Lateral Area 7P;
8C, Area 8C; AIP, Anterior Intraparietal Area; AVI, Anterior Ventral Insular Area; FOP5, Area Frontal Opercular 5; i6-8, Inferior 6-8 Transitional
Area; IFJa, Area IFJa; IP0, Area Intraparietal 0; IP1, Area Intraparietal 1; IP2, Area Intraparietal 2; LIPv, Area Lateral Intraparietal Ventral; LO1, Area
Lateral Occipital 1; MI, Middle Insular Area; MIP, medial Intraparietal Area; p32pr, Area p32 Prime; p9-46v, Area Posterior 9-46v; PF, Area PF
Complex; PFcm, Area PFcm; PFm, Area PFmComplex; PGp, Area PGp; PH, area PH; POS2, Parieto-Occipital Sulcus Area 2; SCEF, Supplementary
and Cingulate Eye Field; STSvp, superior temporal sulcus ventral posterior; VIP, Ventral Intraparietal Complex.
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Figure 3 Connectivity among parcels overlapping with the activation likelihood estimation for writing. (A–C) sagittal sections,
from lateral to medial, demonstrating the parcels in the left hemisphere that are involved in writing. (D–F) sagittal sections, from lateral to medial,
demonstrating the parcels in the right hemisphere that are involved in writing. (G–I) coronal sections, from the posterior to anterior, highlighting
the left and right-sided parcels and their tractography patterns. (J–L) axial sections, from superior to inferior, demonstrating the tractography and
the anatomical relationships between parcels that contribute to writing.
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Figure 4 Connectivity among parcels overlapping with the activation likelihood estimation for left–right discrimination. (A–C)
Sagittal sections, from lateral to medial, demonstrating the parcels and their tractography in the left hemisphere that are involved in the left–right
discrimination. (D–F) Sagittal sections, from lateral to medial, demonstrating the parcels and their tractography in the right hemisphere that are
involved in the left–right discrimination. (G–I) Coronal sections, from the posterior to anterior, highlighting the left and right-sided parcels and
their tractography patterns. (J–L) Axial sections, from superior to inferior, demonstrating the tractography and the anatomical relationships
between parcels that contributes to left–right discrimination.
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Figure 5 Connectivity among parcels overlapping with the activation likelihood estimation for finger agnosia. (A–C) Sagittal
sections, from lateral to medial, demonstrating the parcels and their tractography in the left hemisphere that are involved in finger agnosia. (D–F)
Sagittal sections, from lateral to medial, demonstrating the parcels and their tractography in the right hemisphere that are involved in finger
agnosia. (G–I) Coronal sections, from the posterior, to anterior highlighting the left and right-sided parcels and their tractography patterns. (J–L)
Axial sections, from superior to inferior, demonstrating the tractography and the anatomical relationships between parcels that contributes to
finger agnosia.

The connectome of Gerstmann syndrome BRAIN COMMUNICATIONS 2022: Page 9 of 18 | 9



Figure 6 Connectivity among parcels overlap with the activation likelihood estimation for arithmetic. (A–C) sagittal sections,
from lateral to medial, demonstrating the parcels in the left hemisphere that are involved in math. (D–F) sagittal sections, from lateral to medial,
demonstrating the parcels in the right hemisphere that are involved in math. (G–I) coronal sections, from the posterior to anterior, highlighting
the left and right-sided parcels and their tractography patterns. (J–L) axial sections, from superior to inferior, demonstrating the tractography and
the anatomical relationships between parcels that contributes to math function.
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Discussion
We sought to examine the available literature for evidence of
a network of cortical regions which may underlie
Gerstmann’s syndrome, which includes unique deficits of
agraphia, acalculia, left–right discrimination and finger ag-
nosia. Through a meta-analysis of 102 task-based fMRI
studies in combination with probabilistic tractography on
51 HCP subjects, we provide a novel connectivity model of
the neural correlates underlying the diverse functions which
are impaired in Gerstmann’s syndrome. Namely, three spe-
cific parcels were identified which converge in the left antero-
medial portion of the intraparietal sulcus and are structurally

connected through numerous short-association bundles, to-
gether in what we deem the ‘Gerstman Core’ network.
These results align well with previous work demonstrated
in both lesion study10 and in healthy subjects9 which suggest
a possible disconnection origin of Gerstmann’s syndrome
along the intraparietal sulcus given their connectivity, how-
ever with the additional benefits provided by our more pow-
ered meta-analytic methodology and further tractographic
data on the structural connectivity of this region.
Furthermore, while not possible in earlier studies, we discuss
the localization of identified regions to more recently charac-
terized, large-scale brain networks involved in higher-order
functions so that we may gain additional unique insight

Figure 7 Parcels that represent the core of the Gerstmann’s syndrome. 7PC (red), MIP (green) and AIP (blue) in the left hemisphere.
(A–C) Sagittal sections, from lateral to medial (D–F) coronal sections, from the posterior to anterior. (G–I) Axial sections, from superior to
inferior.
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and localizational value into Gerstman’s syndrome based on
a network perspective.

Previous results have been limited in their level of anatom-
ic granularity which is necessary for improved reproducibil-
ity between studies and to guide effective clinical decision
making in clinical neuroscience, such as during resective
brain surgery which inevitably involves making difficult sur-
gical cuts and relies on fine precision. Therefore, we incorp-
orate our results into an anatomically specific parcellation
scheme outlined by the HCP. While a pure form of
Gerstmann’s syndrome is extremely unlikely, many of these
cortical regions are commonly encountered in clinical set-
tings and therefore our results may serve as an empiric basis
for future study on these domains and more effective clinical
translation in the context of Gerstmann’s syndrome.

The precise localization of the
Gerstmann core in the intraparietal
sulcus
We defined the Gerstmann Core as the region in the cortex
where the parcels are involved in at least three of the four cog-
nitive domains implicated in Gerstmann’s tetrad. This defin-
ition was chosen to most accurately identify the relevant
neural correlates of the functions which are disrupted in
Gerstmann’s syndrome for effectiveclinical translationwithout
overestimating the precision of our analyses with a stricter def-
inition. Furthermore, there has been previous discussion on the

predictive benefits of when at least three or four Gerstmann
symptoms arise together and debate on the required amount
of co-occurrences of symptoms for a true diagnosis of
Gerstmann’s syndrome.5,6,125,144 Such limitations have likely
contributed to the rarity of this diagnosis and also a lackof clin-
ically actionable anatomic information, despite many of
Gerstmann’s symptoms being commonly identified in isolation
or slightlydifferent combinations in the clinical context, suchas
alsowith aphasia or apraxia.125Here, our results suggest a stat-
istically likely network of neural correlates for the functions
which are impaired in Gerstmann’s syndrome, including
the parcels anterior intraparietal area (AIP), area 7PC and
MIP, specifically in the left hemisphere. However, if we were
to extend our threshold to similar strict requirements as some
previous authors,4,9 our results still identified plausible evi-
dence for at least one specific parcel possibly underlying all
four cognitive functions, specifically area 7PCwhich is distinct
from its adjacent cortical regions according to cytoarchitecton-
ic analyses.145

Anatomically, area 7PC is located in the anterior-inferior
portion of the superior parietal lobe and areas MIP and AIP
in the superior bank of the intraparietal sulcus at its most
posterior and anterior aspects, respectively.11,146 While we
elucidate the functional relevance of each region further in
the Supplementary Material Table 3, multiple lines of previ-
ous work have suggested key roles of areas AIP, MIP and
7PC in complex processing related to arithmetic abilities,
fine finger representations, left–right orientation and hand-
writing.21,50,89,90,124,147 There has been great debate about

Figure 8 Simplified schematic of the white matter connections identified between individual parcels and the core of the
Gerstmann’s syndrome. L, left. R, right. Resultant tract volumes are listed for each parcel which is connected directly on the diagram. Of note
is the connecting lines do not show a relationship between all parcels they connect, but rather the three parcels in the Gerstmann Core with all
other parcels, and a true connection is only there if there is an associated number. The number associated with each connection represents the
average number of streamlines between given two regions on tractography across all subjects.
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the localization of damage that disrupt of all of these func-
tions together.2,5,6 One of the best accounts of a pure form
of acquired Gerstmann’s syndrome has been reported fol-
lowing a focal ischaemic lesion in the anterior intraparietal
sulcus region,10 which overlaps well with network location
in the current results. Importantly, this lesion was presumed
to be in a subcortical pathway, causing increased speculation
about a possible disconnection origin of Gerstmann’s
syndrome.9

In a combined functional and structural study on five
healthy subjects, Rusconi et al.9 demonstrated that function-
ally activated cortical regions corresponding to the functions
underlying Gerstmann’s tetrad are all structurally connected
through shared, short-rangewhite matter fibre bundles in the
intraparietal sulcus, and that this is further supported by le-
sion simulated approaches. Results from the present study
provide the first support for this previous work, despite
our different methodological approaches which did not util-
ize high-resolution single subject imaging as in Rusconi et al.,
but rather utilized primarily larger amounts of low-
resolution data from fMRI group studies and then secondary
probabilistic methods with ALE. Furthermore, while the in-
traparietal sulcus is a heterogenous region consisting of nu-
merous functional regions, our results provide strong
evidence that specifically area 7PC in the left hemisphere is
involved in all the functions which are impaired in
Gerstmann’s tetrad, as well as areas AIP and MIP also likely
being involved albeit with less evidence in the current study.

The benefits of a more precise and
connectomic understanding of the
Gerstmann core
One of the major benefits of the current study is the incorp-
oration of results into a previously established and highly
granular parcellation scheme published under the HCP.11

While previous studies have noted regions of the intraparie-
tal sulcus or dominant parietal lobe, such as the angular
gyrus, may be most responsible for Gerstmann’s syndrome,
they have lacked the anatomic specificity necessary to convey
specifically which aspect of which gyri or sulci is of clinical
interest or must be preserved during surgery.3,4,140 The use
of a surface-based parcellation scheme provides a more ef-
fective means for a data-driven analysis approachwith better
reproducibility and hypothesis refinement between stud-
ies.148 Importantly, regulated medical devices are now cap-
able of incorporating this highly granular anatomic
information into the operating room to guide clinical neuro-
science decisions.13 Previously, due to a lack of information
surrounding both the precise localization and connectivity of
the likely anatomic substrates underlying the functions re-
lated to Gerstmann’s syndrome, it has been difficult for neu-
rosurgeons to preserve many of these functions given that
operating in the dominant parietal lobe inevitably requires
some cuts to be made.149,150 However, more anatomically
specific results in a parcellation scheme can demonstrate

with greater precision exactly which cortical regions or con-
nections along the intraparietal sulcus must be preserved to
avoid inducing many of the symptoms involved in
Gerstmann’s tetrad, if not all of them together.

Recent improvements in neuroimaging capabilities and
the use of more specific cortical parcellation atlases have
greatly improved our understanding of the architecture of
large-scale brain networks throughout the brain connec-
tome. Large-scale brain networks include spatially distant
but highly synchronized brain regions and are known to sub-
serve complex human functioning and behaviour, but have
not been discussed in previous studies on Gerstmann syn-
drome given their relative nascent characterization.151

Therefore, our incorporation of results into an anatomically
specific parcellation scheme in the context of large-scale
brain networks provides significant insight and localiza-
tional value into this disease that has been previously lim-
ited.11,14 Namely, regions in the Gerstmann Core have
been previously demonstrated by others and our team to
be involved in the DAN152 and MD network
(Supplementary Material Table 3).153 Both of these net-
works have been implicated in a variety of cognitive pro-
cesses such as in the attentional control required for
mathematic processes or writing, but particularly these func-
tions are subserved through both intra-network connections
around the intraparietal sulcus as well as extra-network in-
teractions with other higher-order brain networks.12,154

Each domain included a number of parcels which are known
to affiliate with higher-order networks like the sensorimotor,
salience, language, and central executive networks. Thus,
while previous localizationist views often suggest neurologic
deficits can be localized to a single region, such as a speech
deficit following surgical injury to Broca’s area,
Gerstmann’s symptoms may likely be better localized to
dysfunction in a number of large-scale brain networks which
dynamically interact to carry out many higher-order func-
tions.14 Our connectivity model of these likely regions and
their white matter connections details this anatomy in a
way which can offer prognostic information for neurosur-
geons during intra-axial, resective brain surgery such that
we can make more informed surgical decisions while causing
fewer deficits according to patient functional goals.12,126

Limitations
While the present study outlines a structural and functional
model of a plausible Gerstmann Core and lends supports
to previous cortical models, this study is not without its lim-
itations. Importantly, coordinate-based ALE analyses allow
the procuring of foci reported from numerous different ex-
periments which can improve study power and the ability
to generate hypotheses for further discussion.130 However,
this method is limited by the quality of the reported data in
the literature and therefore demonstrates possible selection
and publication biases.155,156 Furthermore, connectivity-
based neuroimaging studies can often overcome limitations
faced by focal lesion analyses which do not truly consider
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the whole brain network.129 However, the current study
only included healthy subjects and therefore the degree to
which our results may be influenced by pathogenic mechan-
isms of injury or dysfunction remains unknown, and thus
our subsequent inferences about how this model applies to
patients with Gerstmann’s syndrome are purely speculative.
It may be advantageous for meta-analyses of the available lit-
erature which also include lesion-based studies to better de-
rive clinical meaning to these results.157

Nonetheless, these limitations are commensurate with the
value provided by the present work according to its study
goals. Our connectivity results suggest possible underlying
neural correlates which align well with previous reports
and studies of Gerstmann’s syndrome,9,10 however with add-
itional power frommeta-analytic methodology as well as in a
finer anatomic nomenclature necessary for effective clinical
translation and hypothesis comparison in future work.
Furthermore, with additional information provided by our
connectivity analyses, thisworkmay serve as an empiric basis
for future study on Gerstmann’s syndrome as a result of
white matter disconnection from a network perspective.

Conclusions
We present an anatomically specific connectivity model of
the parcels involved in the neurocognitive domains that are
affected by the Gerstmann’s syndrome, which specifically lo-
calizes in the anteromedial portion of the intraparietal sul-
cus. These results provide convergent support for previous
lesion and healthy structural–ssfunctional analyses provided
in the literature. Together, it is likely that specifically area
7PC and areas AIP and MIP of the anterior intraparietal sul-
cus are the key cortical areas underlying a plethora of cogni-
tive impairments following damage or disconnection in the
dominant parietal lobe. The present study highlights for fu-
ture work the feasibility in utilizing similar meta-analytic
and combined structural–functional analyses to investigate
other rare, multi-functional disorders following possible dis-
connection and from a connectomic standpoint.

Acknowledgements
Data were provided (in part) by the Human Connectome
Project, WU-Minn Consortium (Principal Investigators:
David Van Essen and Kamil Ugurbil; 1U54MH091657)
funded by the 16 NIH Institutes and Centres that support
the NIH Blueprint for Neuroscience Research; and by the
McDonnell Center for Systems Neuroscience at Washington
University.

Competing interests
Michael Sughrue, Stéphane Doyen, Isabella Young, Onur
Tanglay and Peter Nicholas are employees of Omniscient
Neurotechnology. No products directly related to this were

discussed in this article. The other authors report no conflicts
of interest.

Supplementary material
Supplementary material is available at Brain Communications
online.

References
1. Wingard EM, Barrett AM, Crucian GP, Doty L, Heilman KM. The

Gerstmann syndrome in Alzheimer’s disease. J Neurol Neurosurg
Psychiatry. 2002;72:403–405.

2. Gerstmann J. Fingeragnosie-eine umschriebene storung der orien-
tierung am eigenen Korper. Wiener Klinische Wochenschrift.
1924;37:1010–1012.

3. Roux FE, Boetto S, SackoO, Chollet F, TrémouletM.Writing, cal-
culating, and finger recognition in the region of the angular gyrus: a
cortical stimulation study of Gerstmann syndrome. J Neurosurg.
2003;99:716–727.

4. Rusconi E. Gerstmann syndrome: historic and current perspec-
tives. Handb Clin Neurol. 2018;151:395–411.

5. Rusconi E, Pinel P, Dehaene S, Kleinschmidt A. The enigma of
Gerstmann’s syndrome revisited: a telling tale of the vicissitudes
of neuropsychology. Brain. 2009;133:320–332.

6. Critchley M. The enigma of Gerstmann’s syndrome. Brain. 1966;
89:183–198.

7. Benton AL. Right-left discrimination and finger localization:
Development and pathology. A Hoeber-Harper book.
Hoeber-Harper; 1959.

8. Morris HH, Luders H, Lesser RP, Dinner DS, Hahn J. Transient
neuropsychological abnormalities (including Gerstmann’ s
Symdrome) during cortical stimulation. Neurology. 1984;34:877.

9. Rusconi E, Pinel P, Eger E, et al. A disconnection account of
Gerstmann syndrome: functional neuroanatomy evidence. Ann
Neurol. 2009;66:654–62.

10. Mayer E, Martory MD, Pegna AJ, Landis T, Delavelle J, Annoni
JM. A pure case of Gerstmann syndrome with a subangular lesion.
Brain. 1999;122(Pt 6):1107–1120.

11. Glasser MF, Coalson TS, Robinson EC, et al. A multi-modal par-
cellation of human cerebral cortex. Nature. 2016; 536:171–178.

12. Dadario NB, Brahimaj B, Yeung J, SughrueME. Reducing the cog-
nitive footprint of brain tumor surgery. Front Neurol. 2021;12:
711646.

13. Moreno-Ortega M, Kangarlu A, Lee S, et al. Parcel-guided rTMS
for depression. Transl Psychiatry. 2020;10:283.

14. Fox MD. Mapping symptoms to brain networks with the human
connectome. N Engl J Med. 2018;379:2237–2245.

15. Fox PT, Laird AR, Fox SP, et al. BrainMap taxonomy of experi-
mental design: description and evaluation. Hum Brain Mapp.
2005;25:185–198.

16. Fox PT, Lancaster JL. Opinion: Mapping context and content: the
BrainMap model. Nat Rev Neurosci. 2002;3:319–321.

17. Laird AR, Lancaster JL, Fox PT. BrainMap: the social evolution of a
human brain mapping database. Neuroinformatics. 2005;3:65–78.

18. Rusconi E, Tamè L, Furlan M, et al. Neural correlates of finger
gnosis. J Neurosci. 2014;34:9012–9023.

19. Rushworth MFS, Krams M, Passingham RE. The attentional role
of the left parietal cortex: The distinct lateralization and localiza-
tion of motor attention in the human brain. J Cogn Neurosci.
2001;13:698–710.

20. Catalan M. The functional neuroanatomy of simple and complex
sequential finger movements: a PET study. Brain. 1998;121:
253–264.

14 | BRAIN COMMUNICATIONS 2022: Page 14 of 18 Q. Shahab et al.

http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcac140#supplementary-data


21. Tanaka S, Inui T. Cortical involvement for action imitation of
hand/arm postures versus finger configurations: an fMRI study.
NeuroReport. 2002;13:1599–1602.

22. de Jong BM, van der Graaf FH, Paans AM. Brain activation related
to the representations of external space and body scheme in visuo-
motor control. Neuroimage. 2001;14:1128–1135.

23. Andres M, Michaux N, Pesenti M. Common substrate for mental
arithmetic and finger representation in the parietal cortex.
Neuroimage. 2012;62:1520–1528.

24. Kitada R, Kochiyama T, Hashimoto T, Naito E, Matsumura M.
Moving tactile stimuli of fingers are integrated in the intraparietal
and inferior parietal cortices. Neuroreport. 2003;14:719–724.

25. Krinzinger H, Koten JW, Horoufchin H, et al. The role of finger
representations and saccades for number processing: an FMRI
study in children. Front Psychology. 2011;2:373.

26. Dechent P, Frahm J. Functional somatotopy of finger representa-
tions in human primary motor cortex. Hum Brain Mapp. 2003;
18:272–283.

27. Iacoboni M. Cortical mechanisms of human imitation. Science.
1999;286:2526–2528.

28. Tanaka S, Inui T, Iwaki S, Konishi J, Nakai T. Neural substrates
involved in imitating finger configurations: an fMRI study.
Neuroreport. 2001;12:1171–1174.

29. Beudel M, de Jong BM. Overlap and segregation in predorsal pre-
motor cortex activations related to free selection of self-referenced
and target-based finger movements. Cereb Cortex. 2009;19:
2361–2371.

30. Soylu F, Raymond D, Gutierrez A, Newman SD. The differential
relationship between finger sense, and addition and subtraction:
an fMRI study. J Numerical Cogn. 2017;3:694–715.

31. Alivisatos B, Petrides M. Functional activation of the human brain
during mental rotation. Neuropsychologia. 1997;35:111–118.

32. Gerardin E. Partially overlapping neural networks for real and ima-
gined hand movements. Cerebral Cortex. 2000;10:1093–1104.

33. Creem-Regehr SH, Neil JA, Yeh HJ. Neural correlates of two ima-
gined egocentric transformations.Neuroimage. 2007;35:916–927.

34. Parsons LM,Gabrieli JD, Phelps EA, GazzanigaMS. Cerebrally la-
teralized mental representations of hand shape and movement. J
Neurosci. 1998;18:6539–6548.

35. Gogos A, GavrilescuM, Davison S, et al.Greater superior than in-
ferior parietal lobule activation with increasing rotation angle dur-
ing mental rotation: An fMRI study. Neuropsychologia. 2010;48:
529–535.

36. Weiss E, Siedentopf CM,Hofer A, et al. Sex differences in brain ac-
tivation pattern during a visuospatial cognitive task: a functional
magnetic resonance imaging study in healthy volunteers.
Neurosci Lett. 2003;344:169–172.

37. McCrea SM. A functional magnetic resonance imaging study of
the body schema using full human line-drawing figures in an on-
line verbal naming and localization task of single body part words.
Behav Brain Res. 2007;180:235–240.

38. Zacks J. A parametric study of mental spatial transformations of
bodies. Neuroimage. 2002;16:857–872.

39. Kosslyn SM, ThompsonWL,WragaM, Alpert NM. Imagining ro-
tation by endogenous versus exogenous forces: distinct neural me-
chanisms. Neuroreport. 2001;12:2519–2525.

40. Le Clec’HG, Dehaene S, Cohen L, et al. Distinct cortical areas for
names of numbers and body parts independent of language and in-
put modality. Neuroimage. 2000;12:381–391.

41. Bonda E, Frey S, Petrides M. Evidence for a dorso-medial parietal
system involved in mental transformations of the body. J
Neurophysiol. 1996;76:2042–2048.

42. Bonda E, Petrides M, Frey S, Evans A. Neural correlates of mental
transformations of the body-in-space. Proc Natl Acad Sci USA.
1995;92:11180–11184.

43. Vingerhoets G, de Lange FP, Vandemaele P, Deblaere K, Achten E.
Motor imagery in mental rotation: an fMRI study. Neuroimage.
2002;17:1623–1633.

44. Galati G, Committeri G, Sanes JN, Pizzamiglio L. Spatial coding of
visual and somatic sensory information in body-centred coordi-
nates. Eur J Neurosci. 2001;14:737–746.

45. Chaminade T,Meltzoff AN, Decety J. An fMRI study of imitation:
action representation and body schema.Neuropsychologia. 2005;
43:115–127.

46. Hugdahl K, Thomsen T, Ersland L. Sex differences in visuo-spatial
processing: An fMRI study of mental rotation.Neuropsychologia.
2006;44:1575–1583.

47. Jordan K. Women and men exhibit different cortical activation
patterns during mental rotation tasks. Neuropsychologia. 2002;
40:2397–2408.

48. Creem SH, Downs TH, Wraga M, Harrington GS, Proffitt DR,
Downs JH. An fMRI study of imagined self-rotation. Cogn
Affect Behav Neurosci. 2001;1:239–249.

49. Kosslyn SM,DigirolamoGJ, ThompsonWL,AlpertNM.Mental ro-
tation of objects versus hands: Neural mechanisms revealed by posi-
tron emission tomography. Psychophysiology. 1998;35:151–161.

50. Jordan K, Heinze HJ, Lutz K, Kanowski M, Jäncke L. Cortical ac-
tivations during the mental rotation of different visual objects.
Neuroimage. 2001;13:143–152.

51. Seurinck R, Vingerhoets G, de Lange FP, Achten E. Does egocen-
tric mental rotation elicit sex differences? Neuroimage. 2004;23:
1440–1449.

52. Wraga M, Flynn CM, Boyle HK, Evans GC. Effects of a body-
oriented response measure on the neural substrate of imagined per-
spective rotations. J Cogn Neurosci. 2010;22:1782–1793.

53. Corradi-Dell’Acqua C, HesseMD, Rumiati RI, Fink GR.Where is
a nose with respect to a foot? The left posterior parietal cortex pro-
cesses spatial relationships among body parts. Cereb Cortex.
2008;18:2879–2890.

54. Hjelmervik H, Westerhausen R, Hirnstein M, Specht K,
HausmannM. The neural correlates of sex differences in left-right
confusion. Neuroimage. 2015;113:196–206.

55. Corradi-Dell’Acqua C, Tomasino B, FinkGR.What is the position
of an arm relative to the body? Neural correlates of body schema
and body structural description. J Neurosci. 2009;29:4162–4171.

56. Blankenburg F, Ruff CC, Bestmann S, et al. Studying the role of hu-
man parietal cortex in visuospatial attention with concurrent
TMS-fMRI. Cereb Cortex. 2010;20:2702–2711.

57. Tamè L, Braun C, Lingnau A, et al. The contribution of primary
and secondary somatosensory cortices to the representation of
body parts and body sides: an fMRI adaptation study. J Cogn
Neurosci. 2012;24:2306–2320.

58. Saj A, Cojan Y, Musel B, Honoré J, Borel L, Vuilleumier P.
Functional neuro-anatomy of egocentric versus allocentric space
representation. Neurophysiol Clin. 2014;44:33–40.

59. Barnes J, Howard RJ, Senior C, et al. Cortical activity during rota-
tional and linear transformations. Neuropsychologia. 2000;38:
1148–1156.

60. Felician O, Romaiguère P, Anton JL, et al. The role of human left
superior parietal lobule in body part localization. Ann Neurol.
2004;55:749–751.

61. Perruchoud D, Michels L, Piccirelli M, Gassert R, Ionta S.
Differential neural encoding of sensorimotor and visual body re-
presentations. Sci Rep. 2016;6:37259.

62. Podzebenko K, Egan GF, Watson JDG. Real and imaginary rotary
motion processing: Functional parcellation of the human parietal
lobe revealed by fMRI. J Cogn Neurosci. 2005;17:24–36.

63. Lamm C, Windischberger C, Leodolter U, Moser E, Bauer H.
Evidence for premotor cortex activity during dynamic visuospatial
imagery from single-trial functional magnetic resonance imaging
and event-related slow cortical potentials. Neuroimage. 2001;14:
268–283.

64. Harris IM, Egan GF, Sonkkila C, Tochon-Danguy HJ, Paxinos G,
Watson JD. Selective right parietal lobe activation during
mental rotation: a parametric PET study. Brain. 2000;123(Pt 1):
65–73.

The connectome of Gerstmann syndrome BRAIN COMMUNICATIONS 2022: Page 15 of 18 | 15



65. Auer T, Schwarcz A, AradiM, et al.Right–left discrimination is re-
lated to the right hemisphere. Laterality. 2008;13:427–438.

66. Rapp B, Dufor O. The neurotopography of written word
production: An fMRI investigation of the distribution of
sensitivity to length and frequency. J Cogn Neurosci. 2011;23:
4067–4081.

67. Horovitz SG, Gallea C, Ma N-U, Hallett M. Functional anatomy
of writing with the dominant hand. PLoS One. 2013;8:e67931.

68. Cao F, Perfetti CA. Neural signatures of the reading-writing con-
nection: Greater involvement of writing in Chinese reading than
english reading. PLoS One. 2016;11:e0168414.

69. Booth JR, Burman DD, Meyer JR, Gitelman DR, Parrish TB,
MesulamMM. Functional anatomy of intra- and cross-modal lex-
ical tasks. Neuroimage. 2002;16:7–22.

70. Friederici AD,Opitz B, von CramonDY. Segregating semantic and
syntactic aspects of processing in the human brain: an fMRI inves-
tigation of different word types. Cereb Cortex. 2000;10:698–705.

71. Higashiyama Y, Takeda K, Someya Y, Kuroiwa Y, Tanaka F. The
neural basis of typewriting: A functional MRI study. PLoS One.
2015;10:e0134131.

72. Seghier ML, Josse G, Leff AP, Price CJ. Lateralization is predicted
by reduced coupling from the left to right prefrontal cortex during
semantic decisions on written words. Cereb Cortex. 2011;21:
1519–1531.

73. Harrington GS, Farias D, Davis CH, BuonocoreMH. Comparison
of the neural basis for imagined writing and drawing. Hum Brain
Mapp. 2007;28:450–459.

74. Katanoda K, Yoshikawa K, Sugishita M. A functional MRI study
on the neural substrates for writing. Hum Brain Mapp. 2001;13:
34–42.

75. Jung S, Halm K, Huber W, Willmes K, Klein E. What letters can
“learn” from Arabic digits – fMRI-controlled single case therapy
study of peripheral agraphia. Brain Lang. 2015;149:13–26.

76. Purcell JJ, Napoliello EM, Eden GF. A combined fMRI study of
typed spelling and reading. NeuroImage. 2011;55:750–762.

77. Segal E, Petrides M. The anterior superior parietal lobule and its
interactions with language and motor areas during writing. Eur J
Neurosci. 2011;35:309–322.

78. Rektor I, Rektorová I, Mikl M, Brázdil M, Krupa P. An
event-related fMRI study of self-paced alphabetically orderedwrit-
ing of single letters. Exp Brain Res. 2006;173:79–85.

79. Omura K, Tsukamoto T, Kotani Y, Ohgami Y, Yoshikawa K.
Neural correlates of phoneme-to-grapheme conversion.
NeuroReport. 2004;15:949–953.

80. Nakamura K, Honda M, Hirano S, et al.Modulation of the visual
word retrieval system in writing: A functional MRI study on the
Japanese orthographies. J Cogn Neurosci. 2002;14:104–115.

81. Seitz RJ, Canavan AGM, Yágüez L, et al. Representations of gra-
phomotor trajectories in the human parietal cortex: Evidence for
controlled processing and automatic performance. Eur J
Neurosci. 1997;9:378–389.

82. Hsieh L. Functional magnetic resonance imaging of the cognitive
components of the spelling process. Brain Lang. 2004;91:40–41.

83. Menon V, Desmond JE. Left superior parietal cortex involvement
in writing: integrating fMRI with lesion evidence. Brain Res Cogn
Brain Res. 2001;12:337–340.

84. Beeson P, Rapcsak S, Plante E, et al. The neural substrates of writ-
ing: A functional magnetic resonance imaging study. Aphasiology.
2003;17:647–665.

85. DeMarco AT, Wilson SM, Rising K, Rapcsak SZ, Beeson PM.
Neural substrates of sublexical processing for spelling. Brain
Lang. 2017;164:118–128.

86. Berg D, Preibisch C, Hofmann E, Naumann M. Cerebral activa-
tion pattern in primary writing tremor. J Neurol Neurosurg
Psychiatry. 2000;69:780–786.

87. Sugihara G, Kaminaga T, Sugishita M. Interindividual uniformity
and variety of the “Writing center”: A functional MRI study.
Neuroimage. 2006;32:1837–1849.

88. Petrides M, Alivisatos B, Evans AC. Functional activation of the
human ventrolateral frontal cortex during mnemonic retrieval of
verbal information. Proc Natl Acad Sci USA. 1995;92:
5803–5807.

89. Roux F-E, Durand J-B, Réhault E, Planton S, Draper L, Démonet
J-F. The neural basis for writing from dictation in the temporopar-
ietal cortex. Cortex. 2014;50:64–75.

90. Roux F-E, Dufor O, Giussani C, et al. The graphemic/motor front-
al area Exner’s area revisited. Ann Neurol. 2009;66:537–545.

91. Delnooz CC, Helmich RC, Medendorp WP, Van de Warrenburg
BP, Toni I. Writer’s cramp: increased dorsal premotor activity dur-
ing intended writing. Hum Brain Mapp. 2013;34:613–625.

92. Potgieser ARE, van derHoornA, de Jong BM.Cerebral activations
related to writing and drawing with each hand. PLoS One. 2015;
10:e0126723.

93. Simon O, Kherif F, Flandin G, et al. Automatized clustering and
functional geometry of human parietofrontal networks for lan-
guage, space, and number. Neuroimage. 2004;23:1192–1202.

94. Simon O, Mangin JF, Cohen L, Le Bihan D, Dehaene S.
Topographical layout of hand, eye, calculation, and language-related
areas in the human parietal lobe.Neuron. 2002;33:475–487.

95. Chochon F, Cohen L, van de Moortele PF, Dehaene S. Differential
contributions of the left and right inferior parietal lobules to num-
ber processing. J Cogn Neurosci. 1999;11:617–630.

96. Dehaene S, Spelke E, Pinel P, Stanescu R, Tsivkin S. Sources of
mathematical thinking: behavioral and brain-imaging evidence.
Science. 1999;284:970–974.

97. DelazerM, Domahs F, Bartha L, et al. Learning complex arithmet-
ic–an fMRI study. Brain Res Cogn Brain Res. 2003;18:76–88.

98. Lee KM. Cortical areas differentially involved in multiplication
and subtraction: a functional magnetic resonance imaging study
and correlation with a case of selective acalculia. Ann Neurol.
2000;48:657–661.

99. Stanescu-Cosson R, Pinel P, van De Moortele PF, Le Bihan D,
Cohen L, Dehaene S. Understanding dissociations in dyscalculia:
a brain imaging study of the impact of number size on the cerebral
networks for exact and approximate calculation. Brain. 2000;
123(Pt 11):2240–2255.

100. Audoin B, Ibarrola D, Au DuongMV, et al. Functional MRI study
of PASAT in normal subjects. MAGMA. 2005;18:96–102.

101. Hugdahl K, Rund BR, Lund A, et al. Brain activation measured
with fMRI during a mental arithmetic task in schizophrenia and
major depression. Am J Psychiatry. 2004;161:286–293.

102. Ischebeck A, Zamarian L, Siedentopf C, et al.How specifically do
we learn? Imaging the learning of multiplication and subtraction.
Neuroimage. 2006;30:1365–1375.

103. Grabner RH, Ansari D, Reishofer G, Stern E, Ebner F, Neuper C.
Individual differences in mathematical competence predict parietal
brain activation during mental calculation.Neuroimage. 2007;38:
346–356.

104. Grabner RH, Ansari D, Koschutnig K, Reishofer G, Ebner F,
Neuper C. To retrieve or to calculate? Left angular gyrus mediates
the retrieval of arithmetic facts during problem solving.
Neuropsychologia. 2009;47:604–608.

105. Grabner RH, Ischebeck A, Reishofer G, et al. Fact learning in com-
plex arithmetic and figural-spatial tasks: the role of the angular
gyrus and its relation to mathematical competence. Hum Brain
Mapp. 2009;30:2936–2952.

106. Kong J, Wang C, Kwong K, Vangel M, Chua E, Gollub R. The
neural substrate of arithmetic operations and procedure complex-
ity. Brain Res Cogn Brain Res. 2005;22:397–405.

107. Wu S, Thornhill RE, Chen S, Rammo W, Mikulis DJ, Kassner A.
Relative recirculation: a fast, model-free surrogate for the meas-
urement of blood-brain barrier permeability and the prediction
of hemorrhagic transformation in acute ischemic stroke. Invest
Radiol. 2009;44:662–668.

108. Zarnhofer S, Braunstein V, Ebner F, et al. Individual differences in
solving arithmetic word problems. Behav Brain Funct. 2013;9:28.

16 | BRAIN COMMUNICATIONS 2022: Page 16 of 18 Q. Shahab et al.



109. Maruishi M, Miyatani M, Nakao T, Muranaka H. Compensatory
cortical activation during performance of an attention task by pa-
tients with diffuse axonal injury: a functional magnetic resonance
imaging study. J Neurol Neurosurg Psychiatry. 2007;78:168–173.

110. Bulthé J, De Smedt B, de Beeck HPO. Format-dependent represen-
tations of symbolic and non-symbolic numbers in the human cor-
tex as revealed by multi-voxel pattern analyses. Neuroimage.
2014;87:311–322.

111. Fehr T, Code C, Herrmann M. Common brain regions underlying
different arithmetic operations as revealed by conjunct
fMRI-BOLD activation. Brain Res. 2007;1172:93–102.

112. Lazeron RHC, Rombouts SARB, de Sonneville L, Barkhof F,
Scheltens P. A paced visual serial addition test for fMRI. J
Neurol Sci. 2003;213:29–34.

113. Schmithorst VJ, Brown RD. Empirical validation of the triple-code
model of numerical processing for complex math operations using
functional MRI and group Independent Component Analysis of
the mental addition and subtraction of fractions. Neuroimage.
2004;22:1414–1420.

114. Davis N, Cannistraci CJ, Rogers BP, et al. The neural correlates of
calculation ability in children: an fMRI study. Magn Reson
Imaging. 2009;27:1187–1197.

115. Rivera SM, Menon V, White CD, Glaser B, Reiss AL. Functional
brain activation during arithmetic processing in females with fra-
gile X Syndrome is related to FMR1 protein expression. Hum
Brain Mapp. 2002;16:206–218.

116. Krueger F, SpampinatoMV,PardiniM, et al. Integral calculus problem
solving: an fMRI investigation.Neuroreport. 2008;19:1095–1099.

117. Christodoulou C, DeLuca J, Ricker JH, et al. Functional magnetic
resonance imaging of working memory impairment after traumat-
ic brain injury. J Neurol Neurosurg Psychiatry. 2001;71:161–168.

118. VenkatramanV, Ansari D, CheeMW.Neural correlates of symbolic
and non-symbolic arithmetic.Neuropsychologia. 2005;43:744–753.

119. Montojo CA, Courtney SM. Differential neural activation for up-
dating rule versus stimulus information in working memory.
Neuron. 2008;59:173–182.

120. Audoin B, Ibarrola D, Ranjeva JP, et al.Compensatory cortical ac-
tivation observed by fMRI during a cognitive task at the earliest
stage of MS. Hum Brain Mapp. 2003;20:51–58.

121. Eickhoff SB, Bzdok D, Laird AR, Kurth F, Fox PT. Activation like-
lihood estimation meta-analysis revisited. Neuroimage. 2012;59:
2349–2361.

122. Eickhoff SB, Laird AR, Grefkes C, Wang LE, Zilles K, Fox PT.
Coordinate-based activation likelihood estimation meta-analysis
of neuroimaging data: a random-effects approach based on empir-
ical estimates of spatial uncertainty. Hum Brain Mapp. 2009;30:
2907–2926.

123. Turkeltaub PE, Eickhoff SB, Laird AR, Fox M, Wiener M, Fox P.
Minimizing within-experiment and within-group effects in activa-
tion likelihood estimationmeta-analyses.HumBrainMapp. 2012;
33:1–13.

124. O’Neal CM, Ahsan SA, DadarioNB, et al.A connectivity model of
the anatomic substrates underlying ideomotor apraxia: A
meta-analysis of functional neuroimaging studies. Clin Neurol
Neurosurg. 2021;207:106765.

125. Poeck K, Orgass B. Gerstmann’s syndrome and aphasia. Cortex.
1966;2:421–437.

126. Briggs RG, Allan PG, Poologaindran A, et al. The frontal aslant
tract and supplementary motor area syndrome: Moving towards
a connectomic initiation axis. Cancers. 2021;13:1116.

127. Kaiser M, Hilgetag CC. Nonoptimal component placement, but
short processing paths, due to long-distance projections in neural
systems. PLoS Comput Biol. 2006;2:e95.

128. Honey CJ, Kotter R, Breakspear M, Sporns O. Network structure
of cerebral cortex shapes functional connectivity on multiple time
scales. Proc Natl Acad Sci USA. 2007;104:10240–10245.

129. Bullmore E, Sporns O. The economy of brain network organiza-
tion. Nat Rev Neurosci. 2012;13:336–349.

130. Sheets JR, Briggs RG, Dadario NB, et al. A cortical parcellation
based analysis of ventral premotor area connectivity. Neurol
Res. 2021;43:595–607.

131. Briggs RG, Lin YH, Dadario NB, et al. Anatomy and white matter
connections of the middle frontal gyrus. World Neurosurg. 2021;
150:e520–e529.

132. Briggs RG, Tanglay O, Dadario NB, et al. The unique fiber anat-
omy of middle temporal gyrus default mode connectivity. Oper
Neurosurg. 2021;21:E8–E14.

133. Lin YH, Dadario NB, Hormovas J, et al. Anatomy and white mat-
ter connections of the superior parietal lobule. Oper Neurosurg.
2021;21:E199–E214.

134. Palejwala AH, Dadario NB, Young IM, et al. Anatomy and white
matter connections of the lingual gyrus and cuneus. World
Neurosurg. 2021;151:e426–e437.

135. Tanglay O, Young IM, Dadario NB, et al. Anatomy and white-
matter connections of the precuneus. Brain Imaging Behav.
2021;16:574–586.

136. Glasser MF, Sotiropoulos SN, Wilson JA, et al. The minimal pre-
processing pipelines for the human connectome project.
Neuroimage. 2013;80:105–124.

137. Evans AC,Marrett S, Neelin P, et al.Anatomical mapping of func-
tional activation in stereotactic coordinate space. Neuroimage.
1992;1:43–53.

138. Briggs RG, Lin Y-H, Dadario NB, et al.Anatomy andwhite matter
connections of the middle frontal gyrus. World Neurosurg. 2021;
150:e520–e529.

139. Wedeen VJ, Wang RP, Schmahmann JD, et al. Diffusion spectrum
magnetic resonance imaging (DSI) tractography of crossing fibers.
Neuroimage. 2008;41:1267–1277.

140. Kleinschmidt A, Rusconi E. Gerstmann meets Geschwind: a cross-
ing (or kissing) variant of a subcortical disconnection syndrome?
Neuroscientist. 2011;17:633–644.

141. MartinoJ,daSilva-FreitasR,CaballeroH,deLucasME,García-Porrero
JA, Vázquez-Barquero A. Fiber dissection and diffusion tensor imaging
tractography study of the temporoparietal fiber intersection area.
Neurosurgery. 2013;72(1 SupplOperative):87–97; discussion 97-8.

142. Kamali A, Sair HI, Radmanesh A, Hasan KM.Decoding the super-
ior parietal lobule connections of the superior longitudinal fascic-
ulus/arcuate fasciculus in the human brain. Neuroscience. 2014;
277:577–583.

143. Lin Y-H, Dadario NB, Hormovas J, et al.Anatomy and white mat-
ter connections of the superior parietal lobule. Oper Neurosurg.
2021;21:E199–E214.

144. Miller CJ, Hynd GW. What ever happened to developmental
Gerstmann’s syndrome? Links to other pediatric, genetic, and
neurodevelopmental syndromes. J Child Neurol. 2004;19:
282–289.

145. Scheperjans F, Eickhoff SB, Hömke L, et al. Probabilistic maps,
morphometry, and variability of cytoarchitectonic areas in the hu-
man superior parietal cortex. Cereb Cortex. 2008;18:2141–2157.

146. Baker CM, Burks JD, Briggs RG, et al.AConnectomic Atlas of the
Human Cerebrum-Chapter 7: The Lateral Parietal Lobe. Oper
Neurosurg. 2018; 15(suppl_1):S295–S349.

147. Planton S, Jucla M, Roux FE, Démonet JF. The “handwriting
brain”: a meta-analysis of neuroimaging studies of motor versus
orthographic processes. Cortex. 2013;49:2772–2787.

148. Ely BA, Liu Q, DeWitt SJ, Mehra LM, Alonso CM, Gabbay V.
Data-driven parcellation and graph theory analyses to study ado-
lescent mood and anxiety symptoms. Transl Psychiatry. 2021;
11:266.

149. Russell SM, Elliott R, ForshawD,Kelly PJ,Golfinos JG. Resection of
parietal lobe gliomas: incidence and evolution of neurological deficits
in28consecutivepatientscorrelated tothe locationandmorphologic-
al characteristics of the tumor. J Neurosurg. 2005;103:1010–1017.

150. Liouta E, Stranjalis G, Kalyvas AV, et al. Parietal association def-
icits in patients harboring parietal lobe gliomas: a prospective
study. J Neurosurg. 2019;130:773–779.

The connectome of Gerstmann syndrome BRAIN COMMUNICATIONS 2022: Page 17 of 18 | 17



151. Yeo BTT, Krienen FM, Sepulcre J, et al. The organization of the
human cerebral cortex estimated by intrinsic functional connectiv-
ity. J Neurophysiol. 2011;106:1125–1165.

152. Allan PG, Briggs RG, Conner AK, et al. Parcellation-based tracto-
graphic modeling of the dorsal attention network. Brain Behav.
2019;9:e01365.

153. Duncan J. Themultiple-demand (MD) system of the primate brain:
mental programs for intelligent behaviour.Trends Cogn Sci. 2010;
14:172–179.

154. RaccahO,Daitch AL, Kucyi A, Parvizi J. Direct cortical recordings
suggest temporal order of task-evoked responses in human dorsal

attention and default networks. J Neurosci. 2018;38:
10305–10313.

155. Vul E, Harris C, Winkielman P, Pashler H. Puzzlingly high corre-
lations in fMRI studies of emotion. personality, and social cogni-
tion. Perspect Psychol Sci. 2009;4:274–290.

156. Lazar NA. Discussion of “puzzlingly high correlations in fMRI
studies of emotion, personality, and social cognition” by Vul.
et al 2009. Perspect Psychol Sci. 2009;4:308–309.

157. Kletenik I, Ferguson MA, Bateman JR, et al.Network localization
of unconscious visual perception in blindsight. Ann Neurol. 2021;
91:217–224.

18 | BRAIN COMMUNICATIONS 2022: Page 18 of 18 Q. Shahab et al.


	A connectivity model of the anatomic substrates underlying Gerstmann syndrome
	Introduction
	Materials and methods
	Literature search
	Machine-learning identification of relevant cortical regions from functionally activated regions
	Structural network tractography
	Measuring connection strength
	Data availability

	Results
	Activation likelihood estimation regions and their corresponding parcellations
	Writing
	Left–right discrimination
	Finger agnosia
	Arithmetic calculation
	Gerstmann core network
	Structural connectivity of the four neurocognitive domains and their relationship to gerstmann core

	Discussion
	The precise localization of the Gerstmann core in the intraparietal sulcus
	The benefits of a more precise and connectomic understanding of the Gerstmann core
	Limitations

	Conclusions
	Acknowledgements
	Competing interests
	Supplementary material
	References


