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Background and purpose: This study aimed to reveal the structural basis of
post-ischaemic stroke apathy, especially in relation to disruptions in structural
connectivity.
Methods: Eighty-eight participants were included. The Apathy Evaluation
Scale, clinician version, was used to characterize the severity of apathy. Diﬀusion tensor imaging tractography was used to examine white matter integrity
and to reconstruct white matter networks using 90 nodes based on the automated anatomical labeling atlas. The degree for each node was extracted to
determine the relationship to the severity of apathy.
Results: Apathy was not signiﬁcantly associated with damage to any single
brain region. The degrees of 24 nodes (limbic system, three nodes; frontal
lobe, six; basal ganglia, two; temporal lobe, three; parietal lobe, three; insula,
two; occipital lobe, ﬁve) were signiﬁcantly correlated to the Apathy Evaluation
Scale scores. These 24 nodes constituted an apathy-related sub-network and
its global and local eﬃciencies were negatively correlated with apathy levels
(global, r = 0.54, P < 0.01; local, r = 0.64, P < 0.01). Multivariate logistic
regression indicated that decreased global eﬃciency of this sub-network was
an independent risk factor for apathy (odds ratio 0.03, 95% conﬁdence interval 0.01–0.04, P = 0.007). Eﬃciencies of the non-apathy-related sub-network
(the remaining 66 nodes) did not correlate or predict the presence of apathy.
Conclusions: Post-stroke apathy is not due to the dysfunction of a single
region or circuit. Rather, it results from disconnection of a complex sub-network of brain regions. This provides new insights into the neuroanatomical
basis of post-stroke apathy.

Apathy can be deﬁned as a lack of motivation that is
not attributable to diminished levels of consciousness,
emotional distress or cognitive impairment [1], which
appears in about 35% of stroke patients [2]. The few
neuroimaging studies conducted on the disorder indicate that damage within particular brain regions, such
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as the frontal lobe, basal ganglia, thalamus and temporal lobe [3,4], is associated with apathetic symptoms
following stroke. However, a meta-analysis showed no
clear association between apathy and any speciﬁc lesion
location [2]. Prior studies have focused primarily on
regional diﬀerences and local brain lesions, but whether
there is a breakdown in brain-network interactions has
not been established. Here, whether this putatively
independent, aﬀective symptom of stroke [5] is linked
to a speciﬁc neuroanatomical network was assessed.
Diﬀusion tensor imaging (DTI) tractography is a
non-invasive technique to virtually reconstruct white
matter (WM) pathways in living people [6]. Recently,
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graph analyses have been applied to neural network
organization to model structural and functional connections from the perspective of neuronal topological
organization [7]. Here, the brain lesions and topological
characteristics of WM networks in a group of participants who survived stroke were explored. Speciﬁcally,
it was hypothesized that disruption of connectivity
within a speciﬁc brain sub-network is associated with
symptoms of apathy following stroke. DTI tractography was employed to construct WM networks within
the brain, and graph analyses were used to quantify the
topological properties of the constructed networks.

Methods
Participants

Ischaemic stroke patients admitted to Guangzhou First
People’s Hospital between January 2013 and December
2013 were included. All participants satisﬁed the following inclusion criteria: (i) the National Institutes of
Health Stroke Scale (NIHSS) score was not higher
than 6; (ii) a series of brain magnetic resonance imaging (MRI) scans, including T1, T2, ﬂuid-attenuated
inversion-recovery (FLAIR) and DTI taken within
7 days of stroke onset were available and of good quality; (iii) participants were conscious and cooperated
with the evaluation scales. Participants who had a history of schizophrenia, depression, anxiety, dementia,
severe drinking (>42 drinks per week) or drug abuse or
a family history of mental disorders were excluded.
The Apathy Evaluation Scale, clinician version
(AES-C), was used to quantify the level of apathy of
each participant [1,8] whilst an experienced neuropsychologist carried out the clinical diagnosis for apathy,
within 1 month after the stroke. The diagnostic criteria for this study were based on the Marin scale [1]
and Robert et al. [9].
Fifty-four participants without apathy (36 males,
age 67.8  10.3 years) and 34 participants with apathy (28 males, age 68.7  8.7 years) were included in
the study. NIHSS scores were recorded on admission.
The Hamilton Depression Rating Scale 24 item
(HDRS-24), the Mini Mental State Examination
(MMSE) and the Barthel Index were also evaluated
within 1 month of stroke onset. Informed written consent was obtained from each participant, and the
research protocol was approved by the Ethics Committee of Guangzhou First People’s Hospital.
Acquisition of imaging data

MRI scans were acquired using a Siemens Verio 3.0-T
scanner (Siemens, Erlangen, Germany). The T1-

weighted images were scanned with the following
parameters:
repetition
time 1900 ms,
echo
time 3.44 ms, inversion time 900 ms, ﬂip angle 9° and
voxel size 1 9 1 9 1 mm3. The FLAIR T2 images
were scanned with a slice thickness of 5 mm. Each
DTI scan consisted of 30 diﬀusion-weighted volumes
with a b value of 1000 s/mm2 and one volume without
diﬀusion weighting (i.e. b0 image), with slice thickness
3 mm and no gap.
Structural MRI data preprocessing

The structural sequences were co-registered linearly in
individual space with six degrees of freedom [10].
Then, by referring to the FLAIR T2 images, an experienced radiologist manually drew the lesion contours
slice by slice for each participant. Next, the nonlinear
registration method was applied to align the individual structural images to the Montreal Neurological
Institute (MNI) standard space with a resliced voxel
size of 1 9 1 9 1 mm3. The location of the lesion was
also transformed into MNI space.
Whole brain statistical parametric mapping

The relationship between tissue damage and apathy
was explored using Statistical Parametric Mapping 8
(SPM8) (Wellcome Department of Cognitive Neurology, London, UK). To exclude confounding factors,
age, gender, lesion size, HDRS score and MMSE
score were included in the analysis as covariates. Statistical criteria were set at uncorrected P < 0.001 with
a cluster size >100.
Construction of brain WM networks

The pipeline software PANDA was used to construct
the brain WM network [11]. Brain areas (except for
the pons and cerebellum) were parceled into 90
regions according to the Automated Anatomical
Labeling atlas [12] and were used to deﬁne the nodes
of the WM network. Fiber assignment by continuous
tracking [13] was used to perform deterministic ﬁber
tracking [14] by seeding from voxels with fractional
anisotropy values >0.2. The edges, which linked pairs
of brain nodes/regions, were extracted from the ﬁbers
with the two end-points located in their respective
masks. Thus a network matrix for each subject was
generated with each row/column representing a brain
node and each element representing the averaged fractional anisotropy of the ﬁbers linking the nodes.
The degree of each node was quantiﬁed as the
number of edges connected to the node [15] and was
used here as a reliable index to reﬂect the regional
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connectivity. The topological properties of the associated brain networks were analyzed using the
GRETNA toolbox [16]. The small-world behavior
was assessed by the coeﬃcient r [17] which uses a
ratio of network clustering and path length to contrast with the same metrics from an equivalent random network. For r > 1 a network is considered to
have small-world behavior. Global and local eﬃciencies were evaluated for whole brain and identiﬁed
local networks, respectively. Global eﬃciency indicates how eﬃciently information is communicated
within a network at the global level. Local eﬃciency
indicates how eﬃciently information transfers within
the neighbors of a given node when that node is
removed, and represents how tolerant the complex
network is [15].
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Table 1 Summary of baseline characteristics for the 88 stroke cases

Age (year)
Gender, n (%)
Male
Female
Education (years)
Lesion size (cm3)
HDRS score
NIHSS score
MMSE score
BI

Apathy group
(n = 34)

Non-apathy
group (n = 54)

P value

68.7  8.7

67.8  10.3

0.665

28 (82.4)
6 (17.6)
8.1  3.0
10.7  11.4
9.9  4.3
1.8  1.9
26.1  2.2
73.8  16.2

36 (66.7)
18 (33.3)
8.6  5.0
6.7  8.5
8.5  2.4
1.2  1.4
26.9  2.1
79.1  13.3

0.142
0.142
0.589
0.088
0.087
0.077
0.102
0.102

BI, Barthel Index. Data are displayed as mean  standard deviation
and as number (percentage).

SPM results for lesioned areas associated with apathy
Subdivision of the whole brain network

A partial correlation analysis was performed between
the degree of each node and the AES-C score, controlling for age, gender, lesion size, HDRS score and
MMSE score. Multiple comparisons were corrected
using the false discovery ratio (FDR) method (corrected P < 0.05). Those nodes whose degrees correlated with the AES-C score were selected to build
an apathy-related sub-network, whilst the others
were used to construct a sub-network unrelated to
apathy. Small-world behavior and the global and
local eﬃciencies of the sub-networks were further
analyzed.
Assessment of the unique contribution of the
sub-network identified for apathy

Figure 1 shows the SPM results for lesion areas associated with post-stroke apathy at the P < 0.001 level
(uncorrected). One cluster was detected with peak
voxels in the right external capsule and right superior
corona radiata. However, this ﬁnding did not survive
correction for multiple comparisons (FDR method).
Brain regions showing significant correlations
between nodal degree and AES-C scores

Intriguingly, 24 nodes (limbic system, three nodes;
frontal lobe, six; basal ganglia, two; temporal lobe,
three; parietal lobe, three; insula, two; occipital lobe,
ﬁve) with degrees that were signiﬁcantly correlated
with AES-C score were found (Table 2). The whole
brain network can therefore be divided into a subnetwork composed of 24 apathy-related nodes (i.e.

After controlling for age, gender, lesion size, HDRS
score and MMSE score, partial correlation analysis
between the AES-C scores and the eﬃciencies of the
identiﬁed sub-networks was performed. Variables with
P < 0.20 in univariate logistic regression analysis were
included in multivariate logistic regression models
with conditional forward selection to assess the
unique contribution of the identiﬁed sub-network to
the presence of apathy. All statistical assessments
were two-tailed and statistical signiﬁcance was set at
P < 0.05. Statistical analyses were performed using
SPSS 15.0 statistical software (SPSS Inc., Chicago,
IL, USA).

Results
None of the demographic characteristics diﬀered
between the apathetic and non-apathetic groups, as
summarized in Table 1.
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Figure 1 Positive brain regions from the SPM lesion analysis.
The color map indicates positive clusters in the lesion analysis
(P < 0.001, uncorrected; cluster size >100 voxels).
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Table 2 Brain regions showing signiﬁcant correlations between
nodal degree and AES-C scores

Location

Brain region

Frontal lobe
(n = 6)

Precentral_R
Frontal_Inf_Tri_R
Frontal_Inf_Orb_L
Frontal_Inf_Orb_R
Supp_Motor_Area_L
Frontal_Med_Orb_L
Insula_L
Insula_R
Cingulum_Post_L
Cingulum_Post_R
Hippocampus_L
SupraMarginal_R
Precuneus_R
Paracentral_Lobule_R
Putamen_R
Thalamus_R
Calcarine_R
Cuneus_R
Lingual_R
Occipital_Sup_R
Occipital_Inf_L
Temporal_Sup_R
Temporal_Pole_Sup_L
Temporal_Pole_Sup_R

Insula (n = 2)
Limbic system
(n = 3)
Parietal lobe
(n = 3)
Basal ganglia
(n = 2)
Occipital lobe
(n = 5)

Temporal lobe
(n = 3)

Nodal
degree (r)
0.507
0.305
0.334
0.336
0.308
0.302
0.288
0.377
0.312
0.300
0.296
0.502
0.388
0.296
0.316
0.307
0.479
0.282
0.371
0.340
0.331
0.325
0.314
0.440

Nodal
degree (P)
<0.001
0.005
0.002
0.002
0.005
0.006
0.008
<0.001
0.004
0.006
0.007
<0.001
<0.001
0.007
0.004
0.005
<0.001
0.010
0.001
0.002
0.002
0.003
0.004
<0.001

The FDR correction method (the corrected P < 0.05 corresponds to
an uncorrected P < 0.012) was applied. The full names of the abbreviations are listed in Table S1.

apathy-related sub-network) and one formed by the
other 66 nodes (i.e. apathy-unrelated sub-network)
(Fig. 2).
The contribution of identified sub-network for poststroke apathy

Using graph theoretical analyses, the whole brain
WM networks, the apathy-related sub-network and
the apathy-unrelated sub-network showed high r values (2.57  0.97, 2.25  0.85 and 2.89  0.77 respectively). In particular, both local and global eﬃciencies
for the apathy-related sub-network were signiﬁcantly
negatively correlated with AES-C scores (r = 0.54,
P < 0.01; r = 0.64, P < 0.01), whilst the eﬃciencies
of the apathy-unrelated sub-network were not
(r = 0.19, P = 0.08; r = 0.15, P = 0.17).
Table 3 presents the results of the logistic regression
analyses conducted to determine the factors potentially associated with the presence of apathy. Multivariate logistic regression indicated that decreased global
eﬃciency in the apathy-related sub-network (odds
ratio 0.03, 95% conﬁdence interval 0.01–0.04,
P = 0.007) was an independent risk factor for the
presence of apathy.

Figure 2 The apathy-related sub-network. Each ball denotes a
brain node: red for frontal cortex, yellow for basal ganglia, violet for parietal regions, dark red for temporal cortex, dark blue
for the limbic system, blue for occipital cortex and green for
insula. Each line denotes a connection between the nodes. The
image was displayed by using Brainnet viewer [18].

Discussion
To the best of our knowledge, this is the ﬁrst study
exploring the neuronal basis of post-stroke apathy
from the perspective of WM connectivity. Our ﬁndings can be brieﬂy summarized as follows: (i) 24 brain
regions were identiﬁed to be signiﬁcantly correlated
with post-stroke apathy levels; (ii) the global eﬃciency
of this apathy-related sub-network was an independent risk factor for post-stroke apathy.
Brain lesions in the right external capsule and right
superior corona radiata were associated with the presence of apathy, although this ﬁnding did not survive
FDR correction. After stroke, the eﬀects on WM tract
integrity caused by the primary lesion can be both
local and distal [19], meaning that local lesions rarely
reﬂect the total damage to the brain circuitry.
The relationship between brain region connectivity
and severity of apathy was further analyzed. Stuss et al.
[20] argued that apathetic syndromes can be divided
into three subtypes: emotional, cognitive and behavioral. Emotional blunting can be thought of as the main
characteristic of the emotional subtype, reﬂecting a
decreased impact of emotion and aﬀect on ongoing or
forthcoming behaviors [21]. Evidence shows that lesions
of orbital-medial prefrontal cortex lead to emotional
blunting, perhaps through damage to reward-related
processing circuits [22]. Here it is predicted that disconnectivity of this region is also associated with emotional
aspects of apathy. Our results support this assertion by
identifying nodes within the bilateral orbital part of the
inferior frontal gyrus and the left orbital part of the
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Table 3 Determinants of signiﬁcant risk factors associated with
post-stroke apathy (n = 88)
Univariate
OR (95% CI)

Multivariate
P value

Age (years) 1.01 (0.97, 1.06)
0.661
Female
0.43 (0.15, 1.22)
0.113
Education
0.97 (0.88, 1.08)
0.584
(years)
1.00 (1.00, 1.00)
0.076
Lesion
size (mm3)
NIHSS
1.29 (0.99, 1.68)
0.062
score
Barthel
0.98 (0.95, 1.00)
0.106
Index
HDRS
1.14 (1.00, 1.31)
0.055
score
MMSE
0.85 (0.69, 1.03)
0.103
score
Apathy-related sub-network
Local
0.03 (0.02, 0.04)
0.004
eﬃciency
Global
0.02 (0.01, 0.03) <0.001
eﬃciency
Apathy-unrelated sub-network
Local
0.03 (0.01, 0.04)
0.004
eﬃciency
Global
0.05 (0.02, 0.09)
0.007
eﬃciency
Whole brain network
Local
0.02 (0.02, 0.03)
0.002
eﬃciency
Global
0.02 (0.01, 0.04)
0.001
eﬃciency

OR (95% CI)

P value

0.03 (0.01, 0.04)

0.007
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judgement [27]. Dysfunction in these areas may be
associated with apathy due to the deterioration of
executive function and social cognition.
The aspects of apathy related to behavior may be
associated with disruption to the prefrontal cortexbasal ganglia circuits. Damaged basal ganglia may fail
to output relevant neural signals to targets in prefrontal cognitive and limbic territories [23,28]. In our
study, it was found that the node in the right putamen
was linked to apathy.
Several steps are needed to achieve goal-directed
behavior, including the processing of external and
internal cues, the elaboration of plans of action, task
initiation, execution and feedback [23]. Apathy may
arise from dysfunctions occurring at any of these
steps. Within this process, integrating multisensory
information, reorienting attention to relevant information and manipulating stimuli in working memory are
also essential functions that are associated with the
bilateral cingulate gyrus, bilateral superior temporal
pole, right superior temporal gyrus, bilateral insula
and occipital cortex [29,30] that were identiﬁed in our
apathy-related network.
Our results reveal the involvement of a much larger
apathy-related sub-network than previous hypotheses
that considered lesion-induced disruption of frontalsubcortical circuits [3,23]. Therefore, apathy probably
results not from dysfunction of a single circuit but
from the decompensation of a more complicated subnetwork.

OR, odds ratio.

medial frontal gyrus, whose nodal degrees correlated
negatively with the severity of apathy, as indicated in
Table 2 and Fig. 2.
Cognitive aspects of apathy have been related to
impairments in executive processes including holding
information in working memory, planning and setshifting [23]. Therefore, it might be expected that
damage to parts of the executive network would be
linked to apathetic symptoms. Indeed, our apathyrelated network included the prefrontal cortex, a
region whose damage has been linked to impairments
of decision-making, shifting, rule ﬁnding and updating
[24,25], thereby reducing goal-directed behavior. In
addition to the frontal aspects of the executive network, regions in the posterior parietal lobe were also
linked to apathy, including the right precuneus and
right supramarginal gyrus. The precuneus is a wellknown hub of the default-mode network and has been
shown to be important for the manipulation of episodic memory, source memory, visuospatial information and consciousness [26]. The supramarginal gyrus
has been linked to language processing and social
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Limitations and future studies

A few issues need to be addressed. First, deterministic
DTI tractography was employed to reconstruct the
whole brain networks. This method has shown a limited capacity for resolving crossing ﬁber bundles [14],
and this typically leads to missed connections in the
network (i.e. false negatives), which might have aﬀected
our ﬁndings. Future studies with more sophisticated
tractography methods [31] and ﬁner imaging techniques
should be conducted to yield more accurate brain networks. Secondly, according to Stuss et al., post-stroke
apathy patients can be categorized into emotional, cognitive or behavioral sub-syndromes [20]. Owing to the
limited sample size, this method could not be used to
categorize our participants. It would be intriguing in
the future to reveal the sub-syndrome speciﬁc nodal
dysfunction in the apathy network.

Conclusion
The present study used graph theoretical analysis of
whole brain WM networks to identify an apathy-
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related sub-network composed of 24 brain regions.
The presence of apathy may not be due to the dysfunction of a single lesion or circuit but rather the
decompensation of a complicated sub-network. These
ﬁndings provide new insights into the neuroanatomical substrates of post-stroke apathy.
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