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Abstract.

Background: While significant progress has been made to determine the functional role of specific gray matter areas underlying
verbal memory in Parkinson’s disease (PD), very little is known about the relationship between these regions and their underlying
white matter structures.

Objective: The objectives of this study were (1) to investigate verbal memory, fractional anisotropy and brain activation
differences between PD patients and healthy controls (HC), (2) to explore the neuroanatomical and neurofunctional correlates of
verbal memory in PD, and (3) to investigate the relationship between these neuroanatomical and neurofunctional verbal memory
correlates in PD.

Methods: Functional magnetic resonance imaging (fMRI) while performing a verbal memory paradigm and diffusion tensor
imaging data (DTI), were acquired in 37 PD patients and 15 age-, sex-, and education-matched HC.

Results: PD patients showed verbal recognition memory impairment, lower fractional anisotropy in the anterior cingulate tract,
and lower brain activation in the inferior orbitofrontal cortex compared to HC. Brain activation in the inferior orbitofrontal cortex
correlated significantly with verbal recognition memory impairment in PD patients. In addition, a relationship between brain
activation in the inferior orbitofrontal cortex and fractional anisotropy of the uncinate fasciculus was found in PD.
Conclusions: These results reveal that deficits in verbal memory in PD are accompanied by functional brain activation changes,

but also have specific structural correlates related to white matter microstructural integrity.
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INTRODUCTION

Parkinson’s disease (PD) is one of the most common
neurodegenerative diseases worldwide. It is charac-
terized by motor symptoms and is associated with
brain atrophy [1]. Cognitive dysfunction is present
in PD from the early stages of the disease and often
ends in dementia [2, 3]. PD patients show several
neurocognitive deficits, including deficits in execu-
tive functioning, visuo-spatial abilities, and memory
[4-9].

Whereas executive dysfunction has been thought of
as the hallmark cognitive deficit in PD [10], memory
impairment has recently been found as the most com-
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mon deficit [8]. Moreover, verbal memory impairment
has the largest effect size in comparison with other cog-
nitive domains [8, 11-14]. Traditionally, it has been
suggested that PD patients have impaired recall but
recognition memory remains relatively intact [15-17].
However, some studies report that memory impair-
ments in PD are not solely due to retrieval problems
and show evidence of recognition memory deficit
in PD patients [14, 15, 18, 19]. In addition, recog-
nition memory deficits in PD may result partially
from the impairment of learning or encoding pro-
cess [14, 18-21] related to frontal lobe dysfunction
[22, 23]. It may also be caused by the presence of
frontal [22] and medial temporal regions dysfunc-
tion [13, 24]. Recognition memory comprises two
independent processes, recollective and familiarity
detection, both processes involve medial temporal
regions [25-28].
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Structural connectivity can be investigated with
diffusion tensor imaging (DTI). Fractional anisotropy
(FA) is a DTI index that assesses the fiber integrity
of a tract. DTI studies have revealed widespread
white matter (WM) FA reduction in PD patients
compared to healthy controls (HC) from the early
stages of the disease [29, 30] through dementia [31,
32]. Although a number of DTI studies have been
conducted to better understand PD pathology, only a
few studies have focused on the relationship between
DTI FA and cognitive deficits in PD [30, 33-35].
Global cognitive impairment has been associated with
WM microstructural FA changes in PD [36, 37], and
specific cognitive impairments, such as executive
functioning, attention and visuospatial ability, it also
appears to be associated with WM microstructural
FA changes in PD [30, 33, 34]. Nevertheless, little is
known about the DTI FA correlates of verbal memory
in PD.

Functional magnetic resonance imaging (fMRI)
studies in early PD have investigated neural circuitry
of motor symptoms of the disease [38, 39]. However,
regarding cognitive performance, studies are scarce
and have primarily focused on the assessment of brain
activity related to impaired executive functions [40, 41]
and on the dysfunction of the default mode network in
PD [42, 43]. The few cognitive fMRI studies published
using a memory task have revealed alterations in mem-
ory networks [12, 43]. In the study of Ibarretxe-Bilbao
et al., [43] and in the longitudinal follow-up [12], PD
patients showed less task-related activation than HC
in areas involved in the recognition memory network,
including less activation in the orbitofrontal cortices,
middle frontal gyri, frontal poles, anterior paracingu-
late cortex, superior parietal lobes, and left middle
temporal gyrus.

Although significant progress has been made to
determine the functional role of specific gray mat-
ter areas that underlie verbal memory in PD, little is
known about the relationship between the brain acti-
vation of these regions and their connection through
WM tracts. To date, no combined structural and func-
tional MRI study has focused on the neural correlates
of verbal memory in PD. Therefore, the first objec-
tive of this study was to investigate verbal memory, FA
and brain activation differences between PD patients
and HC. The secondary goal was to explore the
neuroanatomical and neurofunctional underpinnings
of verbal memory in PD. Finally, the third aim
was to investigate the relationship between these
neuroanatomical and neurofunctional verbal memory
correlates in PD.

For the first objective, we hypothesized that PD
patients would perform worse in the verbal memory
fMRI paradigm, would have less WM FA, and lower
functional brain activation during fMRI paradigm
compared to HC. Verbal learning and recognition
memory is related to the frontal and medial temporal
regions [11, 43, 44]. Hence, for the second objec-
tive we hypothesized that the verbal memory fMRI
paradigm would be related to functional brain activity
in the frontal and temporal regions and to the FA in
the WM tracts adjacent to those regions in PD. Finally,
for the third goal, we hypothesized that there would
be an association between the WM microstructure FA
and functional brain activation in those frontal and
temporal regions.

MATERIALS AND METHODS
Participants

The sample included 37 PD patients recruited from
the Department of Neurology at the Galdakao Hospital
(Galdakao, Spain) and from the PD Biscay Associa-
tion (ASPARBI). The main purpose of the study was
to analyze the neural bases of verbal memory deficit
in PD; however, we also included 15 HC, recruited
by acquaintances of the patients, matched with the
patients by age, gender, and years of education, to
assess differences between groups. A neurologist spe-
cialized in movement disorders made the diagnosis of
PD based on the UK PD Society Brain Bank diag-
nostic criteria. Other inclusion criteria were (1) age
45 to 75 and (2) an evaluation conducted by a neu-
rologist in accordance with the Hoehn & Yahr disease
stages and Unified PD Rating Scale (UPDRS). Exclu-
sion criteria were as follows: (1) the presence of
dementia, as defined by the Diagnostic and Statisti-
cal Manual of Mental Disorders, Fourth Edition, Text
Revision (DSM-IV-TR) and the International Parkin-
son and Movement Disorder Society clinical criteria
for PD dementia (PDD); (2) the presence of other neu-
rological illness or injury (e.g., traumatic brain injury
or multiple sclerosis); (3) stable psychiatric disorders
(e.g., schizophrenia); (4) depression measured by Geri-
atric Depression Scale >5 and (5) visual hallucinations,
as assessed by the Neuropsychiatric Inventory Ques-
tionnaire. One patient was taking no medication and
36 were on anti-Parkinsonian treatment as follows:
Levodopa (L-dopa) monotherapy (n=4), combination
of L-dopa and dopamine agonist (n=35), monoamine
oxidase type B (MAO-B) inhibitors monotherapy
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(n=1), combination of L-dopa and MAO-B (n=35),
combination of L-dopa, dopamine agonist and MAO-B
(n=9), combination of dopamine agonist and MAO-B
(n=4), combination of dopamine agonist and anti-
cholinergics (n = 2), combination of glutamate agonists
in combination with others (n=4), and catechol-O-
methyltransferase (COMT) inhibitors in combination
with others (n =2). Participants were symptomatically
stable and tested while on their medication. Their
L-dopa equivalent daily dose was registered [45]. The
motor deficit in the PD group was largely mild (Hoehn
& Yabhr staging: stage 1:13.5%; stage 1.5:8.1%; stage
2:70.3%; stage 2.5:2.7%; and stage 3:5.4%). The clini-
cal and sociodemographic characteristics of the sample

are shown in Table 1.

Verbal memory fMRI paradigm

Verbal memory was assessed by an fMRI paradigm.
The paradigm consisted of words presented inside a 3T

magnet with Visual Digital MRI Compatible High Res-
olution Stereo 3D glasses and Presentation® version
10.1 (Neurobehavioral Systems), running on Windows
XP. They were also given two controls (one in each
hand) connected to a MR-compatible response box
to record/register their responses. The entire experi-
ment consisted of a 10-block paradigm (learning and
recognition tasks) that alternated activation and con-
trol conditions (5 blocks each) and lasted a total of
280s (28 s per block). In the learning memory fMRI
task, participants viewed 30 words (with a duration of
2 s per word and inter-word intervals of 1s) and were
asked to press the right button (with their right hand)
if they liked the word or the left button (with their left
hand) if they did not like the word; this was done to
make sure they were reading the words (activation con-
dition). Moreover, six concatenations of letters were
projected (simulating the length of a word) of which
three were the letters “AAAAAA” and the other three
were random letters (control condition). A review of
4 experiments confirms that this paradigm is effective

Table 1
Socio-demographic, clinical and neurological characteristics of the sample
PD (n=37) HC (n=15) Statistic p

Age 67.97 (6.17) 65.07 (7.01) t=1.479 0.146
Gender (Male) 22 (59.5%) 11 (73.3%) X2=0.886 0.526
Years of education 10.24 (4.81) 12.27 (4.30) t=-1.415 0.163
Marital State

Married 30 (81.1%) 13 (86.7%) X?=3.635 0.304

Single 1(2.7%) 0%

Widowed 6 (16.2%) 1 (6.7%)

Divorced 0% 1(6.7%)
Handedness

Right handed 33 (89.2%) 15 (100%) X?=1.757 0.311

Ambidextrous 4 (10.8%) 0%
Geriatric Depression Scale 2.57 (2.80) 1.20 (1.37) t=1.796 0.079
Neuropsychiatric Inventory 3.46 (4.07) - - -
Side of disease onset

Right side of the body 14 (37.8%) - - -

Left side of the body 21 (56.8%) -
UPDRS

Mental State 1.86 (1.47) - - -

Daily Living Activities 10.28 (6.27) - - -

Motor Exam 21.72 (10.29) - - -

Treatment complications 2.75 (2.88) - - -

Total Score
LEDD

36.61 (17.27)
808.59 (536.81)

Years of Disease Evolution 6.96 (5.61)

Hoehn & Yahr 1.89 (0.45)
Stage 1 5(13.5%)
Stage 1.5 3 (8.1%)
Stage 2 26 (70.3%)
Stage 2.5 1 (2.7%)
Stage 3 2 (5.4%)

Values are expressed as the mean (SD) unless otherwise noted. PD =Parkinson’s disease; HC = Healthy
controls; SD = Standard Deviation; UPDRS = Unified Parkinson Disease Rating Scale; LEDD = Levodopa

Equivalent Daily Dose.
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as a control condition for posterior recognition [46].
After 20 minutes, in the activation condition of the
recognition memory fMRI task, subjects were asked
to recognize these 15 words during the fMRI scan-
ning from a list of 30 words (15 previously presented
words and 15 new words). They viewed six words in
each block, of which three had been previously pre-
sented. They were tasked to press the button using
their right hand to if they remembered having read
the word in the list before scanning. However, if they
thought that the word in the screen was new, they were
asked to press the left button. They were encouraged
to respond while the word was on the screen (2s).
Responses given outside this interval were excluded
from the analysis. In the control condition of the recog-
nition memory fMRI task, participants were asked to
press the right button on the response box to indi-
cate that the item was “AAAAAA” and press the left
button when other concatenations of letters appeared
[43]. Responses given with two controls connected to
the MR response box, during verbal memory fMRI
paradigm, were coded as behavioral data. Hits were
recorded when they answered yes when it was yes,
correct rejections, when they answered no when it
was not, false negatives, when they answered no when
it was yes, and false positives, when they answered
yes when it was not. For this research only responses
during verbal recognition memory task were coded.

Neuroimaging acquisition and analysis

Diffusion tensor imaging

DTI was obtained on a Phillips 3T Achieva TX,
in an axial orientation in an anterior-posterior phase
direction using a single-shot EPI sequence (TR =7540
and TE =76, flip angle =90°, FOV =240 x 240 x 132,
slice thickness=2mm, no gap, 66 slices, acquisi-
tion time =9°31”, voxel size =1.67 x 1.67 x 2.0) with
diffusion weighting in 32 uniformly distributed direc-
tions (b=1,000 s/mm?2) and 1 b =0 s/mm?2. Voxel-wise
statistical analysis of the FA data was carried out
using Tract-Based Spatial Statistics [47] part of FSL
Software 4.0 [48]. First, each subject” images were
concatenated, radiologically oriented, and corrected
for eddy current. Then, brain-extraction BET was
performed, and all FA images were created by fit-
ting a tensor model to the raw diffusion data using
FDT (DTIFIT). All subjects” FA data were then
aligned into a common space using the nonlinear reg-
istration tool FNIRT. Specific WM tracts have been
previously associated with learning and recognition
[49-53]; hence, the selected regions of interests (ROI)
FA tracts based on JHU white-matter Tractography
atlas (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases) [54]
were: (1) uncinate fasciculus (UF), (2) posterior cingu-
late tract (PCT), and (3) anterior cingulate tract (ACT)
(see Figure 1).

Regions of Interest of WM FA tracts

x=-8 y=-7 z=34 x=-8 y=-7 z=34

x=-20 y=-47 z=0 x=20 y=-47 z=0

)

o

x=8 y=-T z=34 .

x=2 y=26 z=-8

Fig. 1. Regions of Interest of WM FA tracts. Montreal Neurological Institutes (MNI) template coordinates based on JHU WM Tractography
Atlas. WM = White Matter; FA =Fractional Anisotropy; L = Left; R =Right; ACT = Anterior Cingulate Tract; PCT =Posterior Cingulate Tract;

UF = Uncinate Fasciculus.
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Functional MRI

The fMRI was acquired in the same session
as the DTI, using multi-slice gradient echo EPI
sequence (TR=2000 and TE=29, flip angle=90°,
FOV =240 x 240 x 136 slice thickness=3mm, 36
slices, acquisition time=4’48"). A TI-weighted
scan was also acquired (TR=7.4 and TE=3.4,
flip angle=9°, FOV =250 x 250 x 180, slice thick-
ness=1.1mm, 300 slices, acquisition time=4’55",
voxel size=0.98 x 0.98 x 0.6). The functional data
of each participant was motion-corrected, spa-
tially coregistered, and normalized with structural
data and smoothed using a Gaussian kernel of
8mm FWMH. fMRI beta values (brain activa-
tion > contrast) were extracted from each anatomically
defined bilateral ROI using the Anatomical Auto-
matic Labelling (AAL) atlas and the MarsBar toolbox
(http://marsbar.sourceforge.net/) [55, 56] for both
learning and recognition tasks. As outlined in the
introduction, the ROIs were selected based on previ-
ous findings in learning and recognition assessment
in PD [12, 44, 53, 57, 58]. The selected ROIs were:
(1) inferior orbitofrontal cortex (IOFC) and (2) medial
temporal lobe (MTL) (see Figure 2).

Statistical analysis
The Shapiro-Wilk test was used to assess the distri-

bution of the data. Independent-samples #-tests were
conducted to analyze the differences in the clinical

and socio-demographic variables between PD patients
and HC. Behavioral data and brain activation from the
verbal recognition memory fMRI task were not nor-
mally distributed. Therefore, Mann-Whitney U test
was used to examine differences between PD and
HC groups on those variables. To assess differences
in FA and brain activation from the verbal learning
memory fMRI task independent-samples #-tests were
conducted. Analyses were corrected for multiple com-
parisons with Bonferroni correction.

Partial non-parametric correlations [59] were con-
ducted to investigate all correlations in PD patients
controlling for disease stage and disease duration. For
HC group, Spearman’s Rho tests were conducted to
assess correlations between behavioral data from the
verbal recognition memory fMRI task and FA and brain
activation from the verbal learning and recognition
memory fMRI tasks. Finally, for normally distributed
variables in HC group, Pearson’s product-moment cor-
relations were measured to examine the structural and
functional relationship. Correlational analyses were
corrected for multiple comparisons with Bonferroni
correction. Statistical analyses were performed using
the statistical package SPSS program (IBM SPSS
Statistics 20).

Ethical considerations

The study protocol was approved by the Ethics
Committee at the Health Department of the Basque

Regions of Interest of fMRI Brain Activation

Fig. 2. Regions of Interest of fMRI brain activation in axial, coronal and sagittal view. Montreal Neurological Institutes (MNI) template
coordinates for a): x=-50.2 y=-40.8 z=-13.5. MNI for b): x=53.7 y=31 z=-12.5. L=Left; R=Right; MTL = Medial Temporal Lobe;

IOFC = Inferior Orbitofrontal Cortex.
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Mental Health System in Spain. All subjects were vol-
unteers and provided written informed consent prior to
their participation in the study, in accordance with the
Declaration of Helsinki.

RESULTS

Between groups differences in verbal memory, FA
and brain activation

In the verbal memory fMRI paradigm, there were
significant differences in hits (U=118; p=0.004)
and false negatives (U=123; p=0.006) during the
recognition fMRI task between PD patients and HC
group. PD patients had more false negatives than
HC, while HC had more hits than the PD group
(see Table 2).

There were significant differences in FA of the left
PCT (t=3.046; p=0.004) and in FA of the right ACT
(t=-3.314; p=0.002). PD patients showed lower FA
in the right ACT but higher FA in the left PCT than
HC (see Table 2). PD patients showed significant
lower brain activation in the right IOFC (t=-2.583;
p=0.013) during the verbal learning memory fMRI
task than HC (see Table 2).

Table 2
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Correlations between verbal memory and FA
adjusting for disease stage and duration in PD

group

No significant correlations between behavioral data
from the verbal memory fMRI paradigm and selected
ROIs’ FA values were found in PD (see Table 3). In
HC group, FA of the right PCT correlated positively
with correct rejections (r=0.729; p=0.003) and
negatively with false positives (r=-0.729; p=0.003)
(see Table 3).

Correlations between verbal memory and brain
activation adjusting for disease stage and duration
in PD group

In PD patients, functional brain activation during
the verbal recognition memory fMRI task in the left
IOFC correlated positively with hits (r=0.616;
p<0.001) and negatively with false negatives
(r=-0.611; p<0.001) of the verbal memory fMRI
paradigm (see Table 4). No significant correlations
between behavioral data from the verbal memory
fMRI paradigm and brain activation during the ver-
bal recognition memory fMRI task were found in HC
(see Table 4).

Between groups differences in verbal memory paradigm, FA and brain activation

PD HC Statistic U/t* )4
Verbal memory paradigm
HITS 9.11 (4.14) 12.29 (1.77) 118 0.004*
CR 11.66 (2.96) 11.93 (2.20) 238 0.874
FN 5.77 (4.12) 2.71 (L.77) 123 0.006*
FP 3.26 (2.94) 3.07 (2.20) 236 0.839
Fractional Anisotropy
UF L 0.059 (0.003) 0.059 (0.003) -0.203* 0.840
R 0.059 (0.003) 0.060 (0.003) —-0.903* 0.371
PCT L 0.044 (0.003) 0.041 (0.003) 3.046° 0.004*
R 0.055 (0.003) 0.054 (0.003) 1.379% 0.174
ACT L 0.055 (0.002) 0.057 (0.003) 173 0.035
R 0.039 (0.002) 0.041 (0.002) -3.314% 0.002*
Learning Brain Activation
MTL L 0.107 (0.194) 0.058 (0.224) 0.779* 0.440
R —0.222 (0.293) -0.060 (0.230) 155 0.017
IOFC L 0.075 (0.312) 0.260 (0.336) —1.880* 0.066
R 0.003 (0.340) 0.265 (0.306) —2.583% 0.013*
Recognition Brain Activation
MTL L 0.283 (0.595) 0.124 (0.230) 188 0.257
R 0.061 (0.600) 0.007 (0.252) 201 0.401
IOFC L —0.047 (1.71) 0.392 (0.473) 175 0.153
R 0.437 (1.71) 0.431 (0.340) 138 0.023

Values are expressed as the mean (SD) unless otherwise noted. *Significant corrected for multiple compar-
isons by Bonferroni’s procedure. PD=Parkinson’s disease; HC =Healthy controls; SD = Standard Deviation;
CR =CorrectRejections; FN = False Negatives; FP = False Positives; L = Left; R = Right; UF = Uncinate Fasciculus;
PCT =Posterior Cingulate Tract; ACT = Anterior Cingulate Tract; MTL = Medial Temporal Lobe; IOFC = Inferior

Orbitofrontal Cortex.
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Structural-functional relationship between FA and
brain activation adjusting for disease stage and
duration in PD group

In PD patients, there was a significant positive corre-
lation between brain activation in the left IOFC during

Table 3
Correlations between verbal memory paradigm and FA adjusting for
disease stage and duration in PD group

Verbal memory paradigm

PD HITS CR FN FP

UF L -0.129 0.217 0.110  -0.208

R -0.019 0.264 0.005 -0.246

PCT L -0.015 -0.172 -0.004 0.197

R 0.055 0.232 -0.089 -0.194

ACT L 0.040 0.089 -0.065 -0.079

R 0.257 0.183 -0.277 -0.158

HC

UF L 0.247 0.240 -0.247  -0.240

R 0.470 0.306 -0.470 -0.306

PCT L 0.103 0.671 -0.103  -0.671
R 0.086 0.729* -0.086 —0.729*

ACT L 0.438 0.294 -0.438 -0.294

R 0.401 0.224 -0.401 -0.224

*Significant at p<0.005 corrected for multiple compar-
isons by Bonferroni’s procedure. PD=Parkinson’s disease;
HC =Healthy controls; L=Left; R=Right; UF=Uncinate Fasci-
culus; PCT =Posterior Cingulate Tract; ACT = Anterior Cingulate
Tract; CR =Correct Rejections; FN =False Negatives; FP =False
Positives.

the verbal learning memory fMRI task and FA of the
right UF (r=0.470; p =0.007) (see Table 5). That is, the
greater the integrity of the PD patients’ UF, the greater
functional brain activation in the left IOFC, while they
performed learning task. No significant correlations
between FA and brain activation during the verbal
memory fMRI tasks were found in HC (see Table 5
and Figure 3).

DISCUSSION

The present study sought to investigate the neu-
roanatomical WM and functional organization of
verbal memory in PD and explored the possibilities
of combining fMRI and DTI data to better understand
the neural mechanisms that underlie verbal memory
deficits in PD.

This study revealed significant dysfunctions in the
verbal memory fMRI paradigm performance in PD
patients compared to HC. Specifically in this study,
PD patients had a significantly lower percentage of
hits and a higher proportion of false negatives than HC
during the verbal recognition memory fMRI task. The
spectrum of verbal recognition alteration observed in
this sample confirms previous reports that have shown
that most PD patients exhibit impairments in memory
[7, 9], and that verbal memory had the largest effect

Correlations between verbal memory paradigm and brain activation adjusting for disease stage
and duration in PD group

Verbal memory paradigm

HITS CR FN FP
PD Learning Brain Activation
MTL L 0.360 0.121 -0.336 -0.078
R 0.023 -0.030 -0.033 0.062
IOFC L 0.217 0.187 -0.217 —-0.175
R 0.397 0.065 -0.394 —-0.044
Recognition Brain Activation
MTL L 0.449 —-0.106 —-0.449 0.118
R —-0.268 0.171 0.233 -0.179
IOFC L 0.616* —-0.228 -0.611* 0.253
R 0.288 —-0.092 -0.309 0.076
HC Learning Brain Activation
MTL L 0.255 -0.612 -0.255 0.612
R 0.088 0.482 —-0.088 —0.482
IOFC L 0.482 0.071 -0.482 -0.071
R 0.311 0.059 -0.311 —-0.059
Recognition Brain Activation
MTL L 0.086 -0.264 -0.086 0.264
R -0.328 0.532 0.328 -0.532
IOFC L -0.247 -0.369 0.247 0.369
R —-0.485 —-0.040 0.485 0.040

*Significant at p <0.004 corrected for multiple comparisons by Bonferroni’s procedure. PD = Parkinson’s disease;
HC =Healthy controls; L =Left; R =Right; MTL = Medial Temporal Lobe; IOFC = Inferior Orbitofrontal Cortex;
CR =Correct Rejections; FN = False Negatives; FP = False Positives.
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Table 5
Structural-functional relationship between FA and brain activation adjusting for disease stage and duration in PD group
Learning Recognition
MTL IOFC MTL IOFC
L R L R L R L R
PD
UF L 0.226 0.131 0.329 0.063 —-0.146 0.033 0.027 -0.129
R 0.175 -0.103 0.478* 0.161 -0.142 —-0.143 0.001 -0.074
PCT L -0.024 0.333 -0.029 0.046 —-0.184 0.024 -0.202 -0.060
R 0.132 0.271 0.300 0.155 —-0.134 0.076 0.090 0.079
ACT L -0.030 0.072 0.270 0.185 -0.234 0.026 0.031 0.305
R —-0.052 0.082 0.180 0.191 —-0.110 —-0.093 0.036 0.238
HC
UF L 0.154 0.222 0.262 0.152 0.048 —0.128 -0.253 -0.134
R 0.133 0.288 0.222 0.185 -0.170 -0.191 -0.457 -0.356
PCT L -0.283 0.149 0.382 0.179 —-0.241 —-0.026 -0.273 0.092
R 0.009 0.303 0.271 0.262 0.003 0.120 -0.262 0.091
ACT L 0.280 0.278 0.298 0.224 0.161 —0.058 -0.191 -0.087
R 0.368 0.218 0.292 0.131 0.200 —-0.142 -0.067 -0.017

*Significant at p <0.005 corrected for multiple comparisons by Bonferroni’s procedure. PD =Parkinson’s disease; HC = Healthy controls;
FA =Fractional Anisotropy; L = Left; R = Right; MTL = Medial Temporal Lobe; IOFC = Inferior Orbitofrontal Cortex; UF = Uncinate Fasciculus;

PCT =Posterior Cingulate Tract; ACT = Anterior Cingulate Tract.

Structural-functional relationship in PD patients

Fig. 3. Significant voxel-wise correlations (red) between fractional anisotropy (FA) of the right uncinate fasciculus (UF) and brain activation in
the left orbitofrontal cortex (IOFC) during verbal learning memory fMRI task. Montreal Neurological Institutes (MNI) template coordinates:

x=36y=-5z=18.

size compared with other cognitive domains [8]. In a
study by Ibarretxe-Bilbao and colleagues [43], a sim-
ilar verbal recognition memory fMRI paradigm was
used in early PD patients, and there were no significant
behavioral differences in the recognition task, although
there was a trend toward more false positive errors
in PD patients. These results confirm the finding that
recognition memory dysfunction in the early stages
of PD is much more extensive than was previously
thought [15, 16].

Regarding WM microstructural changes, in this
study, PD patients had less FA in the right ACT com-
pared to HC, but they had more FA in the left PCT.
Similar results have been found to demonstrate that
FA reduction of anterior cingulum is present in PD

[36, 60], but the higher FA value of the left PCT in
non-demented PD patients could be explained with
studies that reveal differences in posterior cingulum
only between PD patients with dementia and controls
[36]. In functional brain activation results, this study
revealed a significant difference in the right IOFC dur-
ing the verbal learning memory fMRI task between
PD and HC groups. HC group showed higher activa-
tion than PD patients in the learning task. In aging, the
relation of right frontal activation to verbal memory
encoding occurred only in individuals with good mem-
ory performance [61]. According to previous literature
[12, 43], PD patients showed lower brain activation in
this region compared with HC during a similar recogni-
tion memory fMRI paradigm. Furthermore, in a verbal
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encoding study, high performing older adults exhibited
activation in right inferior prefrontal cortex [61].

Few studies have investigated the neuroanatomical
correlates of memory impairment in PD using the FA
index [30, 33]. There is more literature concerning
global cognitive performance correlates in PD [29,
30, 36, 37]. In this study, contrary to our hypothesis,
there were not specific correlations of FA values with
data of the verbal recognition memory fMRI task in
PD patients. In some studies, an association has been
identified between increased DTI mean diffusivity and
decreased learning and memory domain scores in ante-
rior WM tracts in PD patients [30, 33]. Nevertheless,
in this research, HC showed a significant correlation
between FA of the right PCT and correct rejections
and false positives. That is, the greater FA in the right
PCT, the greater performance in verbal recognition
memory. Moreover, literature suggests that the PCT is
critical for strategic memory process related to success-
ful encoding [50], which is a core process in subsequent
recognition memory.

Regarding neurofunctional correlates in PD, our
study revealed a significant correlation between brain
activation of the left IOFC during the verbal recog-
nition fMRI task and verbal memory impairment,
suggesting that the deficit in verbal memory perfor-
mance during the fMRI paradigm could be influenced
by lower brain activation in orbitofrontal cortices dur-
ing the recognition memory fMRI task. These results
are in line with previous literature and some fMRI stud-
ies in PD have also revealed reduced recruitment of
the recognition memory network, including decreased
activation in the orbitofrontal cortices and in the medial
temporal areas [12, 43].

Previous studies have been conducted to our under-
standing of cognitive functioning in PD using DTI
[29, 30, 32-34, 37, 60, 62] and fMRI [12, 38, 40, 42,
43] separately, but little is known about combination
of both. The third objective of this study was to
investigate the relationship between neuroanatomical
and neurofunctional verbal memory correlates in
PD to better understand the neural mechanisms and
functional organization that underlie verbal memory
deficits in PD. In this study, a structure-function
relationship was found between WM microstructure
FA and brain activation during the verbal learning
memory fMRI task in PD. The PD patients’ FA of
the right UF correlated with brain activation of the
left IOFC during the verbal learning memory fMRI
task. The UF is a bidirectional WM tract that connects
orbitofrontal cortex with temporal lobes, and its
disruption may cause problems in the acquisition of

certain types of learning and memory [49, 57, 63].
In other studies, the UF also correlated with learning
errors suggesting that lower FA of the UF was related
with more learning errors [52]. Moreover, it is impor-
tant to note that the UF projected to the orbitofrontal
cortex supports error-related processing in interac-
tion with anterior cingulate and lateral prefrontal
cortex [58].

Although it is known that verbal material is strongly
associated with left hemispheres, these bilateral
differences and relationships could be explained by
age-associated reduced laterality [24]. There has
been debate about how age-associated reduction in
asymmetric activation is interpreted [64, 65]. fMRI
studies of memory performance in older adults have
shown that decreased laterality in frontal activation
refers to a reduction of the difference between activa-
tion in right and left regions relative to young adults
[61, 65]. Moreover, not only less-lateralized frontal
activation is present, but older adults with high mem-
ory ability showed more right frontal lobe activation
[61]. One argument is compensation, suggesting that
recruiting the contralateral hemisphere is an adaptive
response to age-related declines in brain integrity
[65, 66].

Taken all together, the lower performance in verbal
memory in PD is related to the lower brain activation
in orbitofrontal cortices during the verbal recognition
memory fMRI task, but moreover, the orbitofrontal
cortices that correlated in the verbal recognition mem-
ory fMRI task are the same regions that correlated
with FA of the UF during the verbal learning memory
fMRI task. These results suggest that fronto-temporal
involvement in the learning process affects subsequent
recognition memory impairment in PD [52]. Consis-
tent with the findings of Bronnick et al., [18] we
observed a clear influence of learning in PD patients,
supporting the idea that learning is an essential part of
the memory process [14] as shown by the relationship
between brain activation during the learning task and
the FA of the UF.

Some limitations of the study must be considered.
Our sample was small and controlling for learning
trials is necessary. Some studies in other neurologi-
cal samples, including subjects with multiple sclerosis
[67, 68] and those with traumatic brain injury [69],
have demonstrated that when a method controlling for
additional trials is applied, the quality of coding can
be improved. Although in our study learning trials
were not controlled, results suggest that acquisition or
prior learning is the key factor for subsequent recog-
nition performance. Future analysis of the relationship
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between the individual differences in FA and brain acti-
vation parameters derived from anatomically defined
ROIs may help further constrain the roles of both WM
microstructures and the cortical regions of focal acti-
vation across several cognitive domains in PD.

In conclusion, the present study represents a first
step toward integrating functional and structural data
in the domain of verbal memory in PD. To our knowl-
edge, this is the first study to show the neural substrate
of verbal memory combining DTI and fMRI tech-
niques. We postulate that impaired recognition might
reflect deficient memory consolidation that is at least
partly due to the influence of the learning process
and to underlying orbitofrontal and temporal degenera-
tion. We have found evidence that supports previously
described impairments in verbal memory, FA reduc-
tion, and lower brain activation in PD patients. Greater
integrity of the UF may support memory functions that
can take advantage of cognitive functions mediated
by the IOFC. The results of these analyses are novel
insofar as they reveal that deficits in the verbal mem-
ory in PD, rather than being solely accompanied by
functional brain activation dysfunction, have specific
relationship with structural correlates related to WM
microstructural integrity.
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