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Abstract. In this study, we assessed white matter microstructural deficit correlates of apathy level in 20 patients with amnestic
mild cognitive impairment by means of diffusion tensor imaging. Mean diffusivity correlated positively with apathy level in the
right temporal portion of the uncinate, middle longitudinal and inferior longitudinal fasciculi and in the parathalamic white matter,
the fornix and the posterior cingulum of the right hemisphere. Fractional anisotropy results confirmed evidence of disconnection
associated with apathy in all white matter areas except the middle longitudinal fasciculus. These results support the view that
alterations in the neural mechanisms underlying apathy level occur in the early phase of degenerative dementias.
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INTRODUCTION

Mild cognitive impairment (MCI) refers to the tran-
sitional state between normal aging and dementia. Ap-
athy is the most frequent and severe behavioral symp-
tom in both MCI [1] and Alzheimer’s disease (AD) [2,
3] and may characterize a subset of MCI subjects at
higher risk of progression to dementia [4–7]. The func-
tional neuroanatomy of apathy has been studied pri-
marily in AD patients, where it was found that bilater-
al frontal, temporal, and cingulate area hypoperfusion
and hypometabolism are associated with apathy severi-
ty [8–12]. Several structural neuroimaging studies also
demonstrated an association between apathy and loss
of integrity of frontal regions in AD [13,14]. Taken
together, these results demonstrate that different brain
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areas are implicated in the pathophysiology of apathy
in AD and suggest that circuits, rather than individual
structures, may be disrupted in apathetic patients.

However, as far as we know, no studies have investi-
gated the white matter microstructural correlates of ap-
athy in MCI patients. Thus, we aimed to analyze the as-
sociation between local white matter tissue microstruc-
ture, assessed by diffusion tensor imaging (DTI), and
apathy level in a sample of amnestic (a-) MCI patients.

MATERIALS AND METHODS

Twenty patients with a diagnosis of a-MCI were re-
cruited for this study. Inclusion was based on a diag-
nosis of a-MCI according to the Petersen et al. [15]
criteria: complaint of defective memory, normal activ-
ities of daily living, normal global cognitive function,
abnormal memory function for age, and absence of de-
mentia. Exclusion criteria were the following: major
medical illness (e.g., hematological or oncological; vi-
tamin B12 or folate deficiency; pernicious anemia; clin-
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ically significant and unstable active gastrointestinal,
renal, hepatic, endocrine or cardiovascular system dis-
ease); newly treated hypothyroidism; comorbidity of
primary psychiatric or neurological disorders; known
or suspected history of alcoholism or drug dependence
and abuse during lifetime; focal parenchymal abnor-
malities; excessive atrophy which could impede correct
MRI registration and normalization. In addition, white
matter lesions were considered present if they were
hyperintense on proton-density (PD)/T 2–weighted im-
ages. We included only subjects who, in the opinion
of an expert neuroradiologist, had no lesions. Thus,
even one small lesion was considered as an exclusion
criterion.

All subjects gave their written informed consent to
participate in the study, which was approved by the
Local Ethics Committee.

All examinations were performed on a 3 Tesla MR
scanner (Siemens Magnetom Allegra) using a standard
quadrature bird-cage head coil. DTI data acquisition
was performed applying diffusion sensitizing gradients,
with b = 1000 s/mm2, along 12 non-coplanar direc-
tions; one additional scan without diffusion weighting
(b = 0 s/mm2) was also obtained. Three DTI series (in-
plane resolution = 1.5 × 1.5 mm2, slice thickness = 3
mm) were acquired for each subject. Anatomical T 1 –
weighted data (in-plane resolution = 1 × 1 mm2, slice
thickness = 1 mm) for tissue segmentation and conven-
tional MRI generating proton-density (PD) and T 2–
weighted images (in-plane resolution= 1.5× 1.5 mm2,
slice thickness = 3 mm) were also acquired to control
for the presence of any radiological alterations.

Before performing statistical analyses, the DTI
datasets underwent multiple pre-processing steps, per-
formed with selected routines from Analysis of Func-
tional NeuroImages (AFNI) [16] and Statistical Para-
metric Mapping (SPM5) packages [17]. We performed
a two-stage co-registration on each of the three DTI
datasets to partially correct for both subject move-
ments (affine transformation to the b0 image) and eddy-
currents related distortions (non-linear b-spline to the
b0 image) [18]. A moderate anisotropic smoothing (3
iterations) was applied [16]; parameters were specif-
ically optimized to keep blurring extremely low [19].
The diffusion tensor was evaluated voxel-by-voxelwith
an iterative algorithm [16], which assures positive def-
inite matrices; mean diffusivity (MD) and fractional
anisotropy (FA) maps were derived from the tensor.
The FA and MD maps were averaged across the three
sessions and subsequently normalized using an opti-
mized protocol [20], which resulted in a tailored tem-

plate in Montreal Neurological Institute (MNI) space.
Then, the MNI coordinates were transformed into Ta-
lairach Tournox coordinates [21]. To reduce any bias-
es induced by head size variability, the brain volume
(BV) value was estimated [17] and used as a covariate
variable in subsequent statistical analyses.

To diagnose MCI, the Mental Deterioration Battery
(MDB) [22] was administered to obtain information
about the functioning of different cognitive domains.
The MDB is a standardized and validated neuropsy-
chological battery comprising seven neuropsychologi-
cal tests from which eight performance scores can be
derived. Four test scores assess verbal stimuli and
four visuospatial abilities. Tests were also given to as-
sess long-term visual memory [23,24], complex con-
structional praxis [23,24], semantic fluency [25], atten-
tion control and inhibition function [26], set-shifting
and cognitive flexibility [27]. Impairment in individu-
al cognitive domains was defined using normative da-
ta [22].

Apathy level was assessed using an Italian version
(translated into Italian and back translated into English
for semantic congruency in both American and Italian
sites) of the Dementia Apathy Interview and Rating
(DAIR), a 16-item structured interview [28]. Further-
more, the Dysphoria subscale of the CERAD Behavior
Rating Scale for Dementia [29] was administered to
assess severity of depression.

To test the hypothesis that specific white matter mi-
crostructural changes in the brain are critically related
to apathy level in a-MCI patients, we used multiple
regression analysis, performed voxelwise with SPM5.
The correlation model for MD maps (considered as de-
pendent variable) included DAIR scores, age, and BV
as independent variables. Statistical analyses were cir-
cumscribed to a mask obtained by thresholding the av-
erage FA map to 0.2 so as to include only white matter
areas [30]. Statistical significance of the correlation be-
tween diffusion parameters and DAIR scores was tested
at a voxel level by treating age and BV as confounding
covariates. Voxels were deemed statistically significant
at p < 0.05, False Discovery Rate (FDR) corrected for
multiple comparisons [31] with a minimum cluster size
of 20 voxels. An additional analysis (p < 0.05 FDR
corrected [31], masked at the FA value of 0.2) with
a minimum cluster size of 5 voxels was performed to
detect even smaller structures.

Furthermore, since depression could be a confound-
ing factor influencing apathy level, the same multiple
regression analysis was performed for MD maps by
adding the CERAD Dysphoria scores as confounding
covariate.
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Fig. 1. Mean diffusivity (MD) correlates of apathy level in 20 amnestic MCI patients. Light blue indicates where white matter (WM) MD values
are positively correlated with apathy level, as measured by the Dementia Apathy Interview and Rating. Statistically significant results are shown
at p-value<0.05 (False Discovery Rate corrected for multiple comparisons). R=right; L=left. A sagittal view of WM fibers is presented on the
left. On the right, the coronal slices provide a better view of WM fiber position, proceeding in an anterior-posterior direction. Panel A shows
the uncinate fasciculus (UF) at Talairach Tournox coordinates (x = 31; and from y = 10 to y = 8). Panel B shows the inferior longitudinal
fasciculus (ILF) at Talairach Tournox coordinates (x = 42; from y = −2 to y = −4). Panel C shows the middle longitudinal fasciculus (MLF)
at Talairach Tournox coordinates (x = 47; from y = −8 to y = −10). Panel D shows the medial white matter area including parathalamic white
matter (y = −30), fornix (y = −32), and posterior cingulum (y = −34). Talairach Tournox coordinates (x = 15; from y = −30 to y = −34).

RESULTS

We found a statistically significant positive correla-
tion between DAIR scores and MD values in four dif-
ferent white matter areas using a minimum cluster size
of 20 voxels.

Three of these areas were identified in the right tem-
poral lobe. Based on the Talairach and Tournoux [21]

and Schmahmann and Pandya atlases [32], these three
areas were identified as the uncinate fasciculus (UF)
(cluster size of 55 voxels), the middle longitudinal fas-
ciculus (MLF) (cluster size of 36 voxels), and the in-
ferior longitudinal fasciculus (ILF) (cluster size of 33
voxels). One additional area was found in the mesial
brain region of the right hemisphere (cluster size of 31
voxels). This latter area comprised the parathalamic
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Fig. 2. Percentile plot of DAIR scores of 20 amnestic MCI patients. Dots indicate individual a-MCI patients.

white matter, the fornix and the posterior cingulum.
Considering the possibility that statistically signifi-

cant correlations may be highly dependent upon scores
of a single patient, we indicated the percentile plot of
DAIR values of all 20 a-MCI patients. In reality, one of
the patients scored much higher than the others. Thus,
we explored this possibility in new correlations (one for
each anatomical areas which predicted apathy level in
the original sample of 20 patients) excluding the indi-
vidual patient with the higher apathy severity. Results
confirm that even excluding this apathy score in all new
analyses, the relationships between MD values and ap-
athy level remain highly significant (p < 0.001, r >
0.5 for all correlations), thus excluding the possibility
of a bias induced by the outlier.

With a minimum cluster size of 5 voxels, we iden-
tified several additional white matter bilateral regions:
the left superior longitudinal fasciculus (SLF) I branch
(coordinates: x = −38, y = 8, z = 47; cluster size of 7
voxels); the left SLF III branch (coordinates: x = −34,
y = 4, z = 27; cluster size of 7 voxels); the right SLF
III branch (coordinates: x = 38, y = 2, z = 24; clus-
ter size of 11 voxels); the left cingulum (coordinates:
x = −7, y = 4, z = 36; cluster size of 8 voxels), and
the left ILF (coordinates: x = −56, y = −26, z = 13;
cluster size of 8 voxels).

In the multiple regression analysis with the CERAD
Dysphoria score added to age and BV as confounding
factors, we found a statistically significant positive cor-

relation between DAIR scores and MD values in all
previously reported white matter areas except the right
MLF and the posterior cingulum. This finding indicates
that depression modulates the relationship between MD
and apathy level only in the latter two areas.

To support the hypothesis that white matter is al-
so disconnected in the same areas in which it is mi-
crostructurally disrupted in association with apathy lev-
el, multiple regression analyses were performed for FA
maps (using DAIR scores as a regressor) in those re-
gions in which a positive correlation between MD and
DAIR scores was found. Age and BV were treated as
confounding covariates. We found a statistically sig-
nificant (p < 0.05 uncorrected, minimum cluster size
of 5 voxels) negative correlation between DAIR scores
and FA values in all white matter areas except the MLF.

DISCUSSION

Our findings suggest that the increase of MD in
UF, ILF, and MLF of the right temporal lobe and the
parathalamic white matter, the fornix and the posteri-
or cingulate of the right mesial brain region is associ-
ated with increased apathy level. This finding is rel-
evant, because an increase of MD indicates a loss of
anisotropy related to abnormalities in the integrity of
the tissue microstructure of the brain white matter [33,
34]. Furthermore, smaller areas of the left SLF I and
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Table 1
Sociodemographic, clinical, and neuropsychological characteristics of the 20 a-MCI patients

Characteristics Raw values mean ± SD, or number and % Adjusted values mean ± SD
(Correlations with DAIR scores)∗

Age (years) 68.8 ± 6.7
Educational level (years) 8.8 ± 3.9
Gender male: n (%) 6 (30%)
Amnestic-MCI subtype 8 = single domain;

12=multiple domain
DAIR score (Apathy diagnosis) 0.6 ± 0.7

(n = 2; 10%)
CERAD Dysphoria 7.3 ± 4.6
MMSE 27.2 ± 2.3 26.2 ± 2.6

(r = −0.385; p = 0.1994)
RIR 28.6 ± 7.9 33.6 ± 7.8

(r = −0.171; p = 0.5854)
RDR 4.1 ± 3.4 5.3 ± 3.6

(r = −0.462; p = 0.1144)
RPM 22.4 ± 4.6 24.8 ± 4.5

(r = 0.315; p = 0.3024)
CROP 28.4 ± 4.9 29.7 ± 4.7

(r = 0.520; p = 0.0685)
DRROP 6.2 ± 5.2 9.5 ± 5.3

(r = −0.329; p = 0.2806)
PVF 30.7 ± 13.1 34.3 ± 12.1

(r = −0.272; p = 0.3768)
CFT 16.9 ± 4.7 ———-

(r = −0.088; p = 0.7791)
SCT 14.3 ± 7.4 16.3 ± 7.4

(r = 0.259; p = 0.4028)
CD 9.0 ± 2.0 9.7 ± 1.8

(r = 0.478; p = 0.1000)
CDL 63.4 ± 4.8 64.3 ± 4.5

(r = 0.298; p = 0.3314)
ST interference time 55.5 ± 23.7 ———-

(r = −0.143; p = 0.6495)
IVM 19.1 ± 2.5 20.0 ± 2.3

(r = 0.481; p = 0.0972)
MWCST achieved categories 5.6 ± 0.6 ———-

(r = 0.197; p = 0.5288)
MWCST perseverative errors 2.3 ± 2.4 ———-

(r = −0.029; p = 0.9262)
MWCST non perseverative errors 2.4 ± 2.4 ———-

(r = −0.124; p = 0.6931)

DAIR=Dementia Apathy Interview and Rating, MMSE=Mini Mental State Examination, RIR=Rey’s 15-word
Immediate Recall, RDR=Rey’s 15-word Delayed Recall, RPM=Raven’s Progressive Matrices’47, CROP=Copy
of Rey-Osterrieth picture, DRROP=Delayed Recall of Rey-Osterrieth picture, PVF=Phonological Verbal Fluency,
CFT=Category Fluency Test, SCT=Sentence Construction Test, CD=Copy Drawings, CDL=Copy Drawings
with Landmarks, ST=Stroop Test, IVM=Immediate Visual Memory, MWCST=Modified Wisconsin Card Sorting
Test, SD=standard deviation.
∗Fisher’s r to z comparison and p value of correlations with the DAIR scores.

III branches, the right SLF III branch, the left cingulum
and the left ILF were also involved in this phenomenon.
The associated decrease of FA in the same areas (ex-
cept for the MLF) confirms that these areas were both
microstructurally disrupted and disconnected.

All six larger white matter regions are likely involved
in motivational processes and in emotional responses
to stimuli. In fact, the UF, which occupies the white
matter of the orbital and medial frontal structures and

connects the temporal and prefrontal areas, is thought
to play a crucial role in the regulation of emotional
responses and in attaching emotional valence to vi-
sual information [35,36]. Furthermore, Fuji and col-
leagues [37] found that changes in the UF microstruc-
ture of a-MCI subjects were not only associated with
memory impairment but also with emotional process-
ing impairment, specifically emotional facial recogni-
tion. The ILF, which constitutes the association sys-
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tem of ventral visual pathways in the occipito-temporal
cortices, is involved in emotional processing [35]; its
disruption causes agnosia and prosopagnosia [36]. The
MLF, which is situated in the white matter of the cau-
dal inferior parietal lobule and links several high-level
association and paralimbic cortical areas (e.g., the pari-
etal lobule, the caudal cingulate gyrus, the parahip-
pocampal gyrus, and the prefrontal cortex), is thought
to play a role in linguistic processing of information
dealing with spatial organization, memory, and motiva-
tional valence [36]. However, the MLF finding disap-
peared after depression severity correction and was not
accompanied by FA reduction, indicating a nonspecific
marginal role of this fasciculus in apathy pathogenesis
in a-MCI.

As for the mesial brain region white matter, previous
studies [38,39] described abnormalities located in the
thalamus and the posterior cingulate in patients with
MCI (it is to consider that posterior cingulate results,
as MLF results, disappeared after depression severity
correction). Our results also indicate an association
between the fornix microstructure and apathy level in
MCI patients. In fact, the fornix is an important com-
ponent of memory and emotional circuitries, namely
Papez’s circuit, and its cholinergic fibers project to the
hippocampus and anterior thalamic nuclei [40]. Thus,
it is reasonable that increased white matter microstruc-
tural damage in the fornix causes impaired motivational
and emotional processing and affects apathy level.

Although the main results were found in the right
hemisphere, smaller white matter areas of the left hemi-
sphere were also associated with apathy level. This in-
dicates that apathy level is mainly associated with right
hemisphere misconnection, which, to a lesser degree,
extends also to the left hemisphere.

Limitations have to be acknowledged. Voxel-based
analysis is prone to partial volume averaging and reg-
istration artefacts due to atrophy. In our study, howev-
er, partial volume effects were expected to play a mi-
nor role because the applied smoothing technique was
proved to maintain tissue boundaries [19]. Although
registration artefacts cannot be ruled out, they were
limited by excluding those subjects whose excessive
atrophies impeded correct registration and normaliza-
tion. Another issue which may limit our results is the
limited number of patients recruited in the study (n =
20), with only two patients considered as apathetic and
a relatively low mean apathy score on the DAIR scale.

In conclusion, this is the first attempt to investigate
the association between white matter microstructural
damage and apathy level in a-MCI patients. In this

study, we found that widely distributed alterations of
white matter microstructure and connection are associ-
ated with apathy level. Indeed, these results contribute
to clarifying the neural mechanisms underlying apathy.
Future investigation of the correlates of apathy in other
populations, such as depressed or demented subjects,
and of the three main dimensions of apathy (lack of in-
terest, lack of initiative and emotional blunting) is nec-
essary. Finally, a categorical distinction between apa-
thetic and non apathetic patients would be very useful
in future studies on this topic.
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