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ABESTRACT

Introeduction: Stroke is a compley dvent on both behavional and newrondl orounds, Recent
investigations evidence the cental role of subcortical damage on the post-stroke brain and
behavior recrganization. We have conducted an sxploratony study combining anatomacal lesion
analyds, functiona analysls of resting state fVAL and behaviaral assediment with focus on
axploration & represented by SEEKIMG.

Method: 24 stroke inpatients were studied immediately after their clinical stabdbzation post-stroke,
neuronal vanability in BRI along with behavioral outcomes were assessed. These outcomes wers
compared with a control group of 32 healthy subjects.

Results: First, we abserved predominant subcartical lesiens in our sample with all stroka patients
shaowing subcortical lesion: and only some exhibitng additional conleal lesions, i, we
abserved significantly reduced neuronal warlability in the postenor cingulate cortex (PCC) that
did not show eny structural damage. Third, our siroke subjecs showed reduced SEEKING which
wias refated to reduced PCC newronal vamability in an abnormal weay fcompared to healthy
suhgects) This last outcome was assessad by considering the subsat of 11 stroke subjects for
which IMRI and behavioral cutcomes were jointly measurad,

Conclusions: Taken tegether, our findings suggest that damage in subcorticd reglens may play
a central role in abnommalities in beth comical activity (PCC) and associated befavior of post-Steoke
reargenization. fcoounting for these aspects may have sgnihcant implications to optimize mault-
disciplinary rehabiftation processes, particulagly during tha carly steps of mecovery. reducing the
imipact of stroke on the patient and caregiver queality of life:
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1. Introduction
1.1. Subcortical regions in stroke

Cerebral stroke 5 one of the major causes of long-term
disability in the world (e.g., Johnson et al., 2006} Stroke
survivors present with and sustain many changes and
defcits from the acute phase and post-acafe phase for-
ward, which affect daily life and sense of self. Changes to
outward behavior with subsequent reduction in social
functioning has s negative impact on quality of life and
wellbeing for both patients and caregivers {Dabrowska-
Bender et al., 20171

Early comprelensive rehalalitaizon based on a proger
rowlndiscplinary approach is necessary I ImMprove recov-
ery and reduce the impact of stroke (Duncan & al., 2003]).
It should be based on a proper assessment that connects
post-stroke brain functioning to behavior. T'o this purpose,

Corbetta ef al [2015) suggest pong bevond the nearly
exnclisive focus on single cortical brain kesions causing
specthc deficits and behavioral disorders. In fact, clinical
practice and. recent neuroimaging show that post-stroke
outcomes and conditions are only partly dependent on
specthc focal bram lesions (Ramsey et al. 20170
Concerning neunapsychiatric and affective-behavioml out-
comes, Hackett et al (2004) demonstrated that consider-
able overlap ccourred among numerous symptoms and
syndromes in stroke patients. The lack of direct causal
relation between symptoms and brain lesion mises the
question of shared  underlying  mechanisms, Corbsta
et al {2015} suggested that arousd regulation deficits
may be associted with a mwere basic brain leson location
(i, subcortical regions), Subcortical [eons ey nob be
associated with specihic symptoms, but rather provide
a basis or neural predisposition (Northoif 8 Hess, 2015)
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fior the various symptoms observed in stroke, Therefore,
Caorbetta et al. (301 5) conceptisbizes stroake az a subcortical.
rather than a cortical, disease and stipukstes a novel model
of subcortical and white matter damage associated with
clusters of behavioral alteration. This novel model is help-
ful for understanding the consequences of stroke as
a comnplex disease.

1.2. Subcortical regions and behavior

subcoriical diseases may also impact motvation, which
plays a major role in the rehabilitation phase. In fact,
subcortical networks have been associated with “basic
emotions” (Panksepp, 1998, Panksepp & Bren, 2012}
that provide indmidusls with primary  motivational
resources for surviving, adapiing to the environment, and
recovering after fraumatic events as well as illness groke
damages, Four basic emotional systeme  (SEEKING,
ANGER, FEAR, and LUST) that kave evolationally deep
rephilam ot and  three basic emotional  systems
(CARIMNG, SADMNESS, and PLAY) that reflect uniqueby
mammalian asdaptations have been identified. The basic
emotional sysems ciled above nol only generate instine-
tual behavioral responses but are abso closely linked to
subjectively experienced primal affective consciousness
that accompanies these types of emofional arousal
(Panksepp, 201 1a, 201 1h). In contrast, learning and higher
brain functions are critically dependent on higher, more
recently evolved bramn functions that are conceptuahized as
secondary and tertiary processes (Morthoff et al, 2010;
Panksepp, 2011al.

Among basic emotions, SEEKING 15 crucial during
early phases of post-stroke plastic reorganization because
it provides instinctual motivation for recovery and rehabi-
litation. Meurcscientific reseorchers (Alcaro & Panksepp,
20115 Wiright & Panksepp, 2012} suggest that "SEEKIMNG™
is rooted e psvcho-behavioral and neurobiological pro-
cesses that drive organisms to spoatanecusly explore and
interact with a variety of different and specific environ-
mental objects. This intrinsic motivational system in manm-
mals depends on dopaming transmission and release (as an
essential modulator) and is active before the organism has
formed perceptual and cognitive representations of those
objects. After it has been molded by learning, more activa-
tion s registered in anticipation of rewards, rather than
during the pleasure accompanying consumption  of
rewards. Considering is innate positove affective valence,
the activation of SEEKING i experienced and pursued by
organisms as a positive affectively desicable state, *reward-
ing" in itself.

Further meurcscientific studies.  indicate  that
SEEKIMNG behaviors are associated with inbrinsic activ-
ity of subcortical and medial regions of the brain (eg.

Morthoff & Panksepp, 2008 Panksepp & Northoff,
0040, Rehabilitation processes aim to aot only recover
functional abilities and independence in adaptation to
the environment, but also to promote the patient’s abil-
ity to positively engage with the world again while
maintaining a sense of wellbeing. In this regard, clinical
practice often shows that persons in post-stroke condi-
tion lack energy and basic motivation from early
through late phases of the disorder. Proper treatments
and supportive interventions are required 1o address
these emobional components, . potentially faking into
account the rele of SEEKING system activity in the
interactive refational confext.

In one of our previous studies, we investigated the
impact of subcortical and cortical lesions with a focus on
SEEKING which was consigtently reduced in stroke
patients, thus evidencing the patients’ ofien-elevated
degrees of depression (Farinelli et al., 2013}, In another
study (Farinelli et al., 2015), we showed that brain
damages in the sune fegions were associsted with emo.
tion regulation. These studies suggested the newronal
correlates of SEEKING, which are the focus of the pre-
sent study.

1.3. Aim and hypotheses

The general aim of our study was to investigate the
neuro-functional and behavioral correlates of strake by
examining resting state fMR] and SEEKING. To this
purpose, resting state (MR was conducted by focusing
on & novel measure (Le., nenronal variability; Zang et al.,
207). In our recent studies on brain lesion patients
sufferimg from loss of consciousness (Le., unresponsive
wikefulness) we observed activity changes in the poster-
ior angulate cortex [PCC), though the PCC was not
affected by the lesion (Huang et al., 2014, 2014 Wu
etal., 2015 Zhang et al., 2017}, The PCC is an important
nixde within the default mode network with a rich struc-
tural connectivity to many other cortical regions of the
brain, suggesting its role as the cortical hub {Leech et al.,
2012 Leech B Sharp, 2014). As a trans-modal region,
the FCC receives and integrates mformation from mul-
tiple functional networks {Braga & Leech, 2015 Leech
etal., 2012; Leech & Sharp, 2014). The PCC is posited to
be involved in complex emotional cognitive integration
throngh connections to heteromodal associations and
paralimbic areas. Moreover, PCC activity 15 considered
cetitral for arousal, awarenes, and for regulating the
balance between intesmal and external attention, with
more activation i internally-directed thought. Thus,
level of PCC activity can be related to exploratory and
outward (i.e., externally-directed) behavior as measured
by SEEKING.



Therefore, we hypothesized that stroke patients with
lesons  predominantly located in sabeortical  regions
would show  decrsmsed  neuronal  variability in the
PCCatrake though cortical regions, including the PCC,
would be unaffected. Hence, even if not directly damaged,
cortical regions like the PCC may nevertheless be affected
by the lesion indirectly, indicating functional receganiza-
tbon a5 it is typically observed in siroke patients [Drevels
et al., 2008; Lassalle-Lagadec et al, 2012; Sharp et al., 2014).
Oner resting state tMAT was complemented by investigating
the behavioral correlates of stroke focusing on basc emo-
tions like SEERIMNG, Based on our previous studies
(Farinelli e al, 2015, 2013), we hypothesized reduced
SEEKING would be associated with redieced neuronal
variability in unaffected cortical regions, specifically the
PCC (Leech & Sharp, 2014), m subcortical stroke patients.

2. Method

2.1. Study group (stroke patients)

After obtaining approval by the local ethical comimittes
(Ethical Committes of City of Bobogna, Ttaly, Local Health
Trust file Protocol N. 141/CE), 24 stroke inpatients (see
Table 1} in the post-acute phase were recruited. Patients
had all been discharged from the stroke unit tollowing
stabilzation and were admitted and recruited stroke at
the rehabilitation hospital stroke {13 davs to 1 month
after the acute event). Focusing on both the affectives
behavioral assessment and functional neuroimaging in
the post-stroke early phases (soon after general medical
stabilzation) can help track nevroplastic post-stroke reor-
ganization, including the affectrve behavioral aspects. This
minrmation & important in the plannimg of multdisoplin-
ary rehabilitation, which is integral from the early post-
stroke phass onwand (Duncan o al, 2005). In particular,
Coleman of al (2017) suggested the presence of a window
of pronounced neusoplasticity soon after stroke, “during
which the brain’s dynamic response 1o injury is heightened
and rehabilitation might be paricalarly effective™
Communication of the diagnosis 1o the patient was man-
aged by the siroke-unit MDs before their entry into the
rehabilitation hospital.
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Exclusion criteria inchuded the presence of receptive
aphasia indicated by scores less than 26 on the Token
Test (De Renzi & Fagliond, 1978; Spinaler & Tognoni,
14987, Zaidel, 19771, Patients with Mini Mental State
Examination (MMSE) scores {Folstein ot al, 1975) less
tham 21, corresponding to moderate/high cognitive
impairments, were excluded. Patients with previous
stroke evenis or with concomitani newmologic disease
{ie., chronic, acute or degenerative) were also exchuded.
Administration of all tests and questionnaires was per-
formed within the first week of admission by trained
clinical psychologists working in the rehabilitation hos-
pital in collaboration with the neuropsychology service,
Patient abulity to read and understand the meaning of
items were checked af the beginning of administration
and supported during the compilation process; festing
breaks were allowed to prevent patient burden and its
potential consequences on the validity of the results.

2.2. The control grotp

In addition to the stroke patients, a control group was
also recruited. Thus, twenty-two healthy subjects (see
Table 1) without history of nearological injuries and
psychiatric disorders were asked 10 take part in this
research. They provided written informed consent and
campleted the battery of self-report questionnaires.

2.3. Psychometric evaluations Two self-report
questionnaires were utilized

{a) AFFECTIVE NEUROSCIENCE PERSONALITY
SCALE (ANPS) by Davis et al. (2003 In the
Ttalan version of the ANPS by Pascazio et al
(2015}, there iz 8 sel-report questionnaire of
1 items developed and based on evidence for
brain affective systems. |t measures the three
basic  positive  emotions.  (ANPS-3EEKING,
ANPS-PLAY, and AMNPS-CARE) and the three
basic tegative einotions (ANPS-FEAR, ANFS-
ANGER, and ANPS-SADNESS) that play a role
inn the development of personality, In particular;

Table 1. General statistics ralative to stroke patients (stroke! and controd groups. M = male; F = female. & t-test has been used to
avaluate differences inage and gender. A chi-square test has been wed to test differences in the other features. Significance p of the

comesponding statstics is reported for each feature.

Soices [N = 241 Comral (N = 27) T p
e (pears, averaget} B0 0 45 55112.25 1.82% a7
Genider (MU} 180 1M kel a8
Febw wrivin {p‘imqfnrﬂ'ﬂﬂfhi;ﬁl\&wnf-‘:lnmml S0EM R £ aae
Mara status 1872211580 RN T E.F55 AL

Imarisd divonced’separated iwidowed  unmarried unknomen
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o SEEKING was defined as feeling curious, liking to
explore, striving for solutions to problems and puz-
tles, positively anticipating new experiences, and
a sense of being able to accomplish almost anything,

» PLAY was defined as baving fun versus being ser-
wus, playing social games with physical contact,
humor, laughter, and being generally happy and
jopful.

s CARE was defined as nurturing, feeling soft-
hearted toward animals and people in need, being
drawn to young children and pets, feeling empathy,
feeling affection and Tiking to care for others, as
well as liking 10 be needed by others.

» FEAR was defined as experiencing anxiety. worry-
ing. feeling tense. struggling with decisions, rumi-
nating about past decisions and statements, losing
sleep, and not typically being courageous,

s ANGER was defined as feeling hot-headed, being
easily irritated and frustrated, experiencing frustra-
tion leading to anger, expressing angee verbally or
physically, and remaining angry for long periods.

# SADMESS/SEPARATION DISTRESS was defined
as feeling lonely and feeling distress when not with
foved pnes, crying frequently, thinking sbour loved
ones dnd past relationships,

[a) BECK DEPRESSION INVENTORY -1 (BIM-I1;
Beck et al, 1996; Sica & Ghisi, 2007) is a self-
report questicnnaire which measures the severity
of depressive symptomatology, Each of the 21
items is rated on a 4-peint scale ranging from 0
to 3. The total score is calculated by adding the
scores of each items the total ranges from 0 w0 63,
A score of 14 or above indicates the presence of
dnpmggiw symptoms, which are categorized as:
minimalfmederate  {range  14-19), moderate-
severs {range 2029, and severe (30-63)

2.4, MRI data acquisition

A General Electric (Milwankee, W1, USAY 3 Tesla Signa
HIxt svstem and an eight-channel phased array coil
were used to acquire [MRI and  morphological
sequences with the following parameters in all stroke
patients and control healthy subjects. Stroke patients
and controf healthy subjects were tested in the same
sCanner.

2.4.1. Morphological MRI
(1] Whale brain high definition volumetric sagital
Spoiled CRadient Recall - Inversion Recovery
(3D SPGR-IR} Ti-weighted (T1-w) sequence,
with Repetition Time 6916 ms, Echo Time
3104 ms, Inversion Time 75 ms, Field of View

290 mm, Matrix 512 x 512 (5.664 X 5.664 mm’
im-plane resolution). Thickness 1.0 mm. Gap
0.0 mm, Number of EXcitations 1.0, Flip Angle
107, Acquisition Time & muin 35 &

{2} Whole brain high definition velumetsic sagittal
CUBE T2-weighted (T2-w) sequence, with
Repetition Tume 3000 ms, Echo Time 6.5 ms,
[nversion Time ¢ ms, Field of View 2156 mm,
Matrix 512 » 312 (5.000 = 5.000 mm? in-plane
resolution), Thickness 1O mm, Gap 0 mm,
Mumber of Excilations 1.0, Flip Angle 90,
Acquisition Time 5 min 10 &

{3) Whole brain (36 slices) axial FLAIR (Fluid-
Attenuated Inversion Recovery) T2-weighted,
with Repetition Time 8002 ms, Echo Time
101304 ms, Inversion Time 2000 ms, Field of
View 240 mm, Marix 512 = 511
(4688 »' 4688 mm’ in-plane  resalution),
Thickness 4.0 mm, Gap 0.0 mm, Number of
Excitations. 1.0, Flip Angle 90°, Acquisition
Time 4 min 31 =

{4) Whole brain (36 slices) coronal GRE [ Gradient-
Echo) T2-star weighted, with Repetition Time
800 ms, Eche Tome 15 ms, Inversien Timme
0 ms, Field of View 240 mm, Matrix 512 = 512
(4688 x 4688 mnt’ in-plane  resolution),
Thickness 4.0 mm, Gap 0 mm, Number of
EXcitations 140, Flip Angle 17°, Acguisition
Time 3 min 16 5,

Patient number 19 (Pt 19) had a claustrophobic attack
shortly after starting the exam. so only the T1-w volu-
metric sequence was acquired for this participant.
Therefore, although Pt 19 s considered m Figure 2{h),
Supplementary Figure 1, and Tables 1 and 2, she was not
included in other snalyses or Agures.

To evaluate the presence of possible midline shifts in
the PCC area, we used the following procedure; for each
pateent, before the Talairach nosmalizaton, we raced
A v cross, having the vertical line passing through the
mdline at the cingulate gyras level (ee Supplementary
Figure 1), After a careful inspection, we noled that no
stroke patients had a midline shift at the PCC fevel
inclding Pt 19 who had the biggest lesion and was
removed from  the patient  population due fo
a clanstrophobic anack,

24.2. Furnctional MRI FMAH

Whole brain, 3 interleaved slices, avial (bicosmmissaral
AC-PC phine), single:shot, GEEPl (Gradient Echo —
Echo-Planar Image) T2-star weighted, sensitive to Blood
Onygenation Level Dependent (BOLD) contrast, with
Thickness 4.0 mm, Gap 0.0 mm, Fidd of View 240 mm,
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Table 2. Lesion kecations and respective cassification for each patient (Pt based on the corresponding [esion site; cotical, suboortical
{aubCarth, anteror (Ant), posterion (Postl, lateral [Latl, medial (Medl, and side (Right and Lefll, Cortical locations are written in red,

Pt Lesion Locabons Cortical SebCort Ant Post Lat Med Right Left
M Right ccciptal (+ nght tem poro- mesial) u N ] i b "
P2 Right feonvmoe-parecs-insalar redialy i 10 night Grerd ) venmiike and basl gangla, upaseed o B B E A X A |
corona rackata
i3 Right rackate cows |+ posterior part of lemticular nudeus and postenor limb of the int=rmal ] u o
capsuba)
P el fercicular nucles o+ hesd of caudame macleus, exemal caprsule, racdate Crom, infesior L] ] L] ] L] ]
temporal lohe|
P15 Left radiste crown + pastersar lenticular nuchaus (srmall lesion] N i [
Piti Left pontine u X
PHl7  Right termpocs [weith minimal periecs mvelvement] snd right capsule-lenticular fextending e E B k] = k] =
the kead of caudate nudews anterody and to the rackate crosn wgremnch)
il Left berbicubo-capsular, extending upsvards to radiabes crosn il 0 N
P Right paretal (postcentral gyms) extending dowmeands 1o radiate coown M M T I u
PHO Right praiamen, exiending upward to rslate orown B E] =
Pl Lef thalamic, estesding upward to radiste crown ¥ i ¥
Fti2 Left occipital (oortico-soboortical) W N xx i N
P113 Left lenticiiar nudeus ard adiacent rediate crows N u i
P14 Lek semioval cemier, parasagittsd, extencling from frontal to parietal fokbe ¥ K " £ ¥
PtlS Biateral Mediandparamesdan) pordine smafl lesiors, peevaling on the right side ] x dwd (b
Ptl6 Biateral capsulo-lenticular ischemic microlacemae N ] [ R
7 Right capseloc-fenbodar, extending uprsan to radiabe coam M u E
Pl Lef lepticuiar nudes, left radike crowm ¥ ¥ N
P14 Right cortieo-subcortical fronto-insular |clsustrombobic Pr) W ¥ K W o
Pt Lef cermbelum N i N
Pi21  Lef thalamo-capsular H E] ]
P22 Lek post-cemiral gerus extending o pre-cential gym [at werbes andy) ] ] L ]
P13 Right fronte-tempora-panetal, exterded 1o basal nude M 'l [ E " W
M4 Fight lenboutar muckes, caudate nucleus, mternal capsule (antenor lmbl, radizie coown ¥ q o

Matrix 64 = 64 (375 = 375 mun2 m-phane resoluion),
Mumber of EXcitaions 1.0, Flip Angle 907, Eepetition
Tirme 2000 s, Inferstice Time 55 ms. Echo Time 30 ms,
Acquisition Time of 5 min 10 & (50 volumes) were
acquired, Two kinds of acquisitions were applied: all par-
ticipants were instracted to relax, o move as litle as
possible, and to keep their eves: 1) closed for 5 min
(Resting State with Eves Closed condition, RS-EC) and 2)
open for 5 min {Resting State with Eves Open condation,
RS-E0).

2.5. fMRI data analysis

Pre-processing steps were implemented using the soft-
ware Analysis of Functional Images, AFNI {Cox, 1996,
http:/fatni.nimh.nih.goviafmi). The GE 3 T machine
automatically deletes the hArst chosen number of sathu-
rated volumes (3 volumes in this case, 10 s of dummy
scans) and automatically corrects interleaved acquisi-
tions. The resulting functional images were then aligned
[soe Figore 1 and Supplementary Figure 1(a-c), tempo-
rally, spatially smoothed (B-mm Full Width at Half
Maximum Gaussian blur), and spatially transformed
into Talairach space {Talairach & Tournowx, 1988).
After the head motion correction procedure, the
magnitude of head motion at each thme point for &
parameters (3 for shift and 3 for rotation) was obtained
for each subject, The averaged head motion parameter

for shuft and rotation was caloulated as the mean of the
absolute frame-wise displacement across the entire scin
(see Fang et al,, 2007), The standard deviation (3D} of
shiftand rotation scross all subjects was then calculated,
Subyjects with head motion (shift or rotation) éxceeding
4 times of the Standard Deviation across all subjects
were excluded from further analysis. The averaged
lead motion parmeter for shift and rotation per subject
can be translated as the average FD or degrees of rota-
tion across the entire scam,

The estimated six parameters of head mobon and
mean tme series from the white matter (WM) and
cerebrospinal Auid (C5F) were regressed out, To mini-
mize partial voluming with gray matter, the WA and
CEF masks were eroded by one voxel (Chai ot al., 20123,

Maotion artifacts were addressed ngorously, as minor
groug differences momotion have beem shown 1o ane-
Factually create between-group differences (Power e al.,
201 % Van Diik ot al., 2012), For this reason, the magni-
fude of head motion at each fime point for six para-
meters (three for shift and three for rotation) was
obtained for each MEI ren and vach subject. The aver-
aged head motion parameters and standard deviation
{53 for shifi and rotation were then calculated (Zang
et al, 2007). Runs with head motion (shift or rotation)
exceeding 4 505 were excluded from further analysis.
Lsing this criterion, the following data were exchuded:
Stroke paticnts 2 and 23 for B5-EC condition {20 stroke
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Figure 1. Co-registiations between marphokegical ard functional serbes i the five most damaged stroke patients (PrLInPt 2, 7, 9 and
14, brain damages e so severe enoudh toinverups the funcional epi-shcs, wheseas in P 23, the damaged area is one of the widest
For each stroke patients” number, Ten mdal slices are shown in the regions where lesians are more svident. Inter-slice distance i 4 mm

for Br 2, 7, 0 and 14, & mm for P 23,

patients remamning ) stroke patsents 1, 2,9, 15, 16 and 18
for RS-EQ condition {12 stroke patients remaining).
This relatively small number of stroke patients left, in
RE-ED condition, certainly represents & limiting factor,
bust, of cowrse, it is botter 1o remove more steoke patients
and kave a smaller, cleaner sample, rather than retain
more stroke patients and obtan less reliable results, In
our experience, R5-ECQ condition is aften characterized

by a higher number of head movements than R5-EC
condition because, when a patient keeps his eves open. i
i= instinctive to look around and unintentionally moves
one s head).

Diata were then Altered with a band pass filter preser
ving signals between 0.0 and 0.1 Hz (standard g.:I'L"'I.]IJI:'I:I.'
cies) which s thought to reflect  fuctuations  of
spontaneous brain activity [Biswal et al, 1995; Fox &
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)

Fl-e;un.' 2. [, bl Main fesion kocations in the 24 stroke patients wibo undensent MBI For each patient rumber (1-24], Ihrrlrlil,i.:'r".a‘-h‘_.l_; i I g
22, et shovws the besion site dwhite aros help dentify lesion localization) in axal FLAIR sequeence and the better “b" [eg., “11°, “20° e1c)|
shows a nearrklling dice in saglital SPGR-R TH-w sequance, wheare 2 white oval lne indudes the PCC region. In the clasmaphobic patien
[f. 19, the only SPGR-IR T1-w scquired soquence i shown. Nots that, whereser the bedon B, POC B not dafmaged

Raichle, 2007; Fox et al., 2005 Zhang & Raichle, 2010). As
our main hypothesis was focused on the POC (see abovel.
we pursued a strict region-of-interest approach. For that
[rurphode, we clrow 5.|'-||u|'.|.':|| Bz with a racdius af & mm
and placed them in the Talairach coordmates of the PCC
251 and the Perigenual Adatersor
Cingulate Cortex (PADC, x =0, ¥ = —45, 2 = 0), serving

(x =4, v =49 2 =

as specificity control For a given voxel, we calculated the

of the power spectrum to yield
Amplitude of  Low-Frequency
Fluctuations [ALFF) for the frequency range considered
{00111 He) I':-’_'u:l.t:_ ot al, 2007 The ALFE of each voxel

was further divided by the global mean value to reduce the

averaged square root

a measure of the

potentzal global effects of varmbiity aceoss participants
{Han et al, 2011; Fang et al, X87). The sesulting ALFF

maps for each subject were tested in two-sample 1-lests
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Flgun- 2. fcomtinuel]

(with age and motion as irelevant factors) 1o examine the
group differences between control healthy subjects and
stroke patients for the frequency band considered
(001-0.1 Hed

2.6, Statistical analysis

Frequencies, ieans, and percenitages were wsed to describe
socip-demographic characteristics of the stroke patients
and the control group (Table 1). Statistically significant

differences between control and patient groups for possible
covariates [Le, age, gender, education, marital status, and
occupation) were evaluated with t-tests and chi-square
compansons, with a significance threshold of p < 05, No
statistically significant (p < 05} differences were revealed
batween the two samples for these vanables, Though there
were ne significant gender differences in our sample
{which may be related, m part, 1o the small swe of the
sampiel, previous studies have reported gender differences
in SEERING in healthy subgects (Davis et al, 2003}, To this



end, we conducted a multivariate analysis of covarmance
(MANCOVA) considering gender as a covarale 1o exim-
ine pogsible differences in the average scores of stroke and
control groups. T-tests and MANOVA analvss were ako
applied to MBI outcomes W vestigate differences
between stroke patients and control subjects. Finally, for
pavchometric and newroimaging indices found to signifi-
cantly differ between siroke and control groups, Pearson
and Spearman correlation tests (two-tailed) were con-
ducted to identity potential associations between the
indices.

3. Results
3.1. Lesion location = Subcortical vs cortical

The main lesion locations in the 24 stroke patients who
underwent MR are descrbed in the left part of Table 2
(second colummn, lesion locations) and are better illustrated
in Figure 2in.b), where the main lesions are shown, patsent
by paticnt, | oan sxanl FLAIR sequence ("a™); the respectnve
PCC aren s also shown, incuded in a white oval line,
paticat by pabent, in & sagittal paramedian SPGR-IR T1-
w sequence {“b"). Notably, although stroke patients had
lestons in various locations (mostly subcorticall, no stroke
patients showed structural damage in the POC area, even
when cortical lesions were present.

Lesion classification is better specified in the nght part
of Table Z, where locztion {cortical, subcortical, lateral,
medial, anterior, posterior) and side {right and left) are
constdered. Classification criteria of the lesions followed
these described in our previous papers (Farmelli et al.,
2015, X13). Briefly, "cortical lestons™ were defined as
damages restricted 1o cerebral gyri and sulci, while "sub-
cortical lesions™ were restricted to damages below care-
bral cortex; “anterior and podterior legions” were named
with respect o the sensorimotor corfes; “medial lesions"™
referred to damage around midline structures (Le., typi-
cally involving basal ganglia in subconical regions and
cingulate gyrus at cortical kevels), whereas “lateral lesions™
referred to brain damage starting as far as at least 30 mm
from the midline, defined by drawing a fine from septum
pellucidum, crossing the third ventricle up to pineal gland
(Lo et al., 2018}, On this basis, the number of lesions
found were the following (including lesions nvolving
mare than one location): cortical/subcortscal 9/23; ante-
ricr posterior: 59 lateral/medial: 9/23: right/left: 10412
(excheding bilateral lesions), As to corticalisubcortical
subdivision, all stroke patients but one (Pt 12} showed
subcortical lesions whereas anly B stroke patients showed
legions involving both cortical and subcortical areas {see
also Table 2). They wre shown in Figure 3(ab), three axial
slices for each patient.
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3.2. Psychometric tests

To identify sipnificant differences in scores obiained by
stroke and control groups, a MANCOYV A test was per-
formed on psychometnic data using gender as a co-variate.
This analysis revealed a statistically significant difference in
psychometnic outcomes in the two groups {F = 2.938,
p = 0.011; Wilk’s A = 057, partial n° =43), as well as an
effiect of gender, though this was not sgnificant (F = 1854,
p= D98 Wilk's A = 0.68, partial n° = 0.32). The Tests of
Between-Subjects Effects (ANOVA)Y are reported i Table
1, The n* parameter indicates that the dimension showing
the grestest differences between stroke and control is the
AMPS-SEEKING while the other scales {of ANPS and
other scales) showed minor differences only. In partcufar,
scores obtained by stroke patients were significantly lower
than thase of the control group.

3.3. fMRI

Mfferences betwaen stroke and control groups in the nwo
functicaal conditions (e, RS-EC and RS-EQ) in the fre-
quency interval studied (0.01-0.1 Hz) are shown in Figure
4. More specifically, Figure 4{a) shows color maps resulting
from whole-brain woeel-wise 3dttest analysis at p < 01,
FOR-corrected. Note that the signiticant difference in the
whok-brain voxel-wise comparison  befween  groups
ocurresd mainky in a lecatien corresponding o PCC In
contrast, ao ofher corical regons mchading the PACC
showed anmy statistically sgnificant differences m 5D
between the two groups, Due o the divection of the
compasison (control healthy subjects ve stroke patients),
vellow-red regions indicite supra-threshold areas, where
activity of control healthy subjects 1s higher than activity of
stroke patients: the veflower the color, the greater the
difference. Figure 4(b) shows the results of PCC ROIs
statistical analysis independent of the whole-brain voxel-
wise analvsis, A statistical fwo samiple t-test comparing the
spatial means of temporal variabidities (50} of control
healthy subjects vs stroke patients was performed, MNote
that both fests are statistically significant (st p < 02 The
same statistical analysis was perfornis] on PACC ROls,
Tt vielded no sansically significant resulis

34, Correlation betiween PCC activity and
ANP3-SEEKING scores

To evaluate the possible relstionship between ANPS.
EFEEING soores and 51 in POC in Stroke and Contral
groups, we conducted Pearson and Speacman correlation
analyses. A post-hoc test for evaluating significance of
observed differences bebween the correlations in the two
groups was also performed by following Lenhard amd
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Figure 3. [a, bl. The eight Stroke patients having both cortical and subcortical lesbons (op. Table ). For each stroke patients’ nember,
threse maial slices s shawen i e areas where Bsians are more evident, White arrowbeads heelp o bocalize lesians

Lenbard { 2014} and Zar {1999} for Pearson and Spearman
coethicients respectively. Results are reporfed in Table 4
they show a significantly negative correlation between
ANPESEEKING scores and POCSD {in eves open con-
difion} in the Control groop only: the higher neuronal
variability in MCC, the bower the degree of SEEKING
the Conteol subpects (Figure 5) The corretation between
ANPS-5EEKING and POC in the control group was alkso

muere evident when using Spearman correlation coeffucient

{ Table 4). In both cases, the difference between the correla-
tion observed in the two groups was statishcally significant.
This Ainding suggests that 2 non-linear monotanic rela-
1i-'||'|r;:'.i|l exists between the two parameters. Most inlerest -
ingly, we observed a posifive correlation {relatively high
but not statistically sggnificant) between SEEKING and
PCC ST in the stroke growp: the higher tle sewronal 50
variability tn PCC, the higher the degree of SEEKTMNG in

the stroke group (Figure 5). While these results were
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Figurae 3. {continued.)

obtained for the eves open condition, 2 simidar pattern,
albeit non-significant, was also observed m eyes dosed
condition.

4. Discussion
4.1. Main findings

We investigated a sample group of 24 stroke patients in

the post-acute newro-rehabilitative phase by examining

both MR and behavior. The aim was to report how
possible SEEKING system alterations refate o nearal
resting state dysfunction and reorganization after stroke.
Both stroke patients and healthy control subjects were
evaluated through self-report questionnaires and struc-
tural and functional neuroimaging. Lesions were located
mainly subcortically and medially, Main outcomes of the
statistical analysis show decreased AMPS-S5EEEING in
the stroke group compared to the control growp, reduced

resting state mewronal vadability o lesion-unatlecied
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Table 3, MARCVA 1ests af between-subjects (stroke patients vs
contral healify subjecrs) Effects relatiee fno oM mea-
sLipes, STatistic ally '\,:l:[!'il'll ant outoomes (p < 05 are reported in
bokl, p is the signifcance leyed assaciabed m the F valie

siroke (M= M} ooevircd [M =18
Peerin!

Awwtroer S0 F 1] f

Averrige (50 ¥

ANPS-5EEK 39,53 (441 4l (3,599  53%3% oow %8
ANPLFERE 25,13 (4.05] S 5,30 3 shT 115
AMPS-UARE 4208 (5.08] 4095 {390 s 327 N5l
AMPS-ARGER 1263 14.55] 3505 65,35 L1531 296 IS5
ANPS-PLEY i1 W ] 1777 (475 (R | ] 4
AMPS-SEPD 4T IR0 (145 iy &l 10
BO-h A6 (543] BA0 (.05 1934 B57 &3

PCC in the stroke group, and a agnificant mverse (ie.,
negativel correlation between ANPR-SEEENG and POC

BS Fyes Clonsd -

Coanrols Biroie P

activity in the healthy control group that was reversed
{1e, posibive) in ke |'l.||i-.'~||1=..

4.2, Subeortical lesions - Lesion location

Some of the “classical” lesion subdivisions {anterior!
posterior, tightfleft) appear somewhat [orced and
misleading. For instance, the five rght anterior
|:"\1:;|.:-||'\. Were it .1|| "|"|||-:-' E T rl'u". aL50 :.'n.1|'|1-:!.~.,|
pasteriorly andlor medially, Note, on the contrary.
that all stroke patwnis but one (Pt 231 showed
subcortical medial lesions, which were associated
with lateral cortical lesions in seme stroke patients
{3/23).

RS Eyes Dpnn*

Controbe Siroks Pis

Figure 4. Results of the comparison between Control growp vs Sroke group. 4a) Maps of Group differences [3dtt+—+ test), 3t p = .01
betwean Control subjects and Stroe patients, in the two functional conditions considered, R5-EC [on the left! and RS-ED [on the
right], and in the frequency intersal studied [0.01-0.1 Hz, standard frequency). Maps indicate the spatial mean of tamporal varability
{51 of the gray masks considered. 4#b} Histograms showing the results of PCC B(Hs statisticall two samples t-Eest, between the spatial
means of temporal vanabdities (500 of Contral subjects ws Stroke patiants” anes, inthe two functienal conditions considered, RS-EC (on
thee Jeft] and AS-ED (on the right), at p = 002, Hote that both comparisons are statistically stgnificant {asterisk ).
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30 35 40 45 50
ANPS_Seeking

Figura 5. Correlation of ANPS-SEERING scores and PCC activity din the open-eyes condition] in the healthy control healthy subdects
{bdack dots) and Stroke fermgy circles). The linear regression model for Control (dashed fre) and Stroke (continuous ine] groups are

alse reparted in the Hguse.

Table 4. Pearson correlation analysis considering ANPS-SEEKING scores and PCC activity (OE: oper-eyes condition; CE: dosed eyes
condition] im the stroke and contred growps. r, and p respectively represent the Pearson and Spearman correlation cosfficients. N is the
murmber of included subjects. In the last calumn, outcomes of a post-hoc Fisher's test for differences between the cormelation values in
the two groups are reported. in the case aof Speaman coefficlent, the correction propased by Zar (2005} has been applied ta compute

L p s thee redesant sinificance kevel [iwo-taded). Statistically sgnificant outoomes are reporied in bofdface.

stioks cantral Pest hoc test
r(oiM ripl N £ ol
PLL-OE v ANPL-SEETING Oa9e M2 1 -0.,452 (0034, 22 245 (0.2
POCAE we ANPS-LEEDRG A01 3 Masd), b6 —1 15 (LR 22 650 a5
@ ol afal W {o}
POC-OE v ANPS-SEETING D404 f.x18), 1 =641 (0000, 22 2.74 (0.004a)
PLLLE vi. ANPS-SEERMG Q.07 T 6 —LZ17 B FELL QAT (05035

Finally, lesions on the right side appeared very wide in
extension and overlapped at many pomits, On the left sade,
conversely, lesions were smaller and bess overlapped. Mote
also the complete absence of left frontal cortical and left
temporal lesions in the superior and maddle temporal gyl
This 15 due o induding only verhallhr capable soke
patients (Le, the absence of significant verbal comprehen-
sion/production deficiis), o necessary ability to complete
the peuropsychologicnl tests admintstered {see maternial
and methods), This could be consdered a bias m sroke
patients selection as these stroke patients with left fromtal
cortical or supecior-middbe temporal besions were auioms-
fically exclhuded

4.3, Subcertical lesions - Behavieral correlates

In the current patient group, post-stroke lesions were in
prevalence wide and involving subcortical medial regions
of the brain (Table 2). This aligns with Corbetta o al.’s
(2015} study which indicates that stroke should be beter
conceprualized az a subcortical than cortical disease. In

their paper, Corbetta ef al. (2015} suggest that scientific
literature often highlights those neurological deficits and
behavioral syndromes that are related to focal cortical
deruption of specific highly modular functional systems.
Thus, Corbetta et al {2015) assumes that carrent
research biases us toward neglecting the central relevance
of subcortical lesions i stroke; this is further supported
by the faci that onby 15% of strekes are purely cortical
{see Bopousslavsky ot al., 1988; Kang ot al,, 2003; Wessels
etal, 2006) Our data are well in line with the central rofe
of subcertical and, specifically, medial subcorical lesions
in stroke, Together with the arald nenture, twese find-
ings rage the gquestion about the behavioral and func-
thenal correlates of these subcortical lesions in stroke.
Subcortical medial regions of the brain are asso-
ciated with basic emotions (Panksepp, 1998
Panksepp & Biven, 2012) and core self (e.g., Northoff
& Panksepp, 2008 Panksepp & Northoff, 1009), in
particular the SEEKING disposition, promoted by
dopamine transmission within intermediary “associa-
tive” subcortical neural areas connecting sensory and
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motor procesang, Most inferestingly, we observed sig-
nificantly redueced SEEKING in stroke patients, which
means that they show less exploratory-driven behavior.
Most importantly, this was aot related to depression
and thus represents a deficit in SEEKING itself (rather
than a symptom o consequence of depression). In
fact, no significant difference between stroke and con-
trol groups were revealed by the MANOVA analysis
when considering BDI-TT scores. This implies that, at
least in the current sample, reduced SEEKING scores
in stroke patients are not related fo depression but,
possibly, to post-stroke brain damage as related to
specific subcortical regions. A proper assessment of
SEEKING in post-stroke is important due to its poten-
tial role in brain'behavior neuroplastic reorganization.
Findings obfained by ANPS need to be contextualized
in a complex frame, As evidenced n our previous
studies (Farinelli et al, 2005, 2003), the gquestionnaire
scales agsess higher levels of mental functioning.
reflecting the primary ones and representing an inte-
gration of lower and higher beain  functions.
Furthermore, neurorchabilitation practice and rescarch
lighlight that the post-stroke reorganization starts very
early, involving multiple levels, and depends on several
interacting nesropsychosocial facrors in continuity or
dizcontinuwify with previous states (Chang ef al, 2013).
Especially in the acute and the post-acute phases, the
personal wdentity, subjectively perceived and experi-
enced, can be impacted by the interaction of previous
traits and psvchoesocial factors with brain damage con-
sequences, rawmatic event impact, and caregiver mir-
rofing of the personal and relational experience of the
change. ANPS should be supported by more direct
mensures, sysdtematically detecting affective behaviors
and primary traits of personality and processes, includ-
ing the interaction with caregivers,

4.4, Cortical reorganization — Posterior cingulate
cartex (PCC)

Previous studies on siroke and traumatic brain mjury
(TBI} have investignted brain functional abterations in
such stroke patients in relation to affective- behavioral
dyvsrepulation (Direvets et al., 2008; Lassalle-Lagadec et al.,
2012; Sharp et al, 2014). Our study is the first to investigate
neuronal varzbility in stroke. As noted I oowr results,
stroke patients showed significantly lower neuronal vana-
bility in the PCC specifically, which was further confirmed
by the independent region of interest analysie. The central
role of POC in stroke s well i bne with a recent study by
Matsuoks ef al (2013) that discovered a relatzonsiop
between PCC volwme and stroke duration. Most impor-
tantly, our results sugmest that reduced newrenal variability

st be purely functional, as our subjects did not show any
structural changes in POC. This raises the question of the
functioal role of POC in stroke and ats  behavieral
witlizence.

The MCC has the highest cerebral blood flow in the
brain (Pefferbanm et al, 2010) and is among the most
metabolically active regions (Raichle et al., 2001). Even
if the PCC shows higher vulnerability in cases of diffuse
brain ischemia {DeVolder et al, 1990), acute focal
ischemic lesions of this area are very rarely reporned in
the literature (eg., Addis et al,, 2007; Katavama et al.,
1999; Leech & Sharp, 2014 Takabashi et al, 19497),
which may be due to the particular vascular configura-
tion of this region, That being the case, the complete
absence of lesions in PCC in any of our stroke patients is
fot surprising, but rather well in line with research on
bath vascularity and physiclogy of hload flow, 25 well as
the lesion and stroke Bterature.

Ag stated abowve, PCC & a central node within the
default mode network {DMMN) that is highly connected
to many other cortical regions and integrates information
from multiple functional networks of the brain. PCC
activity is thought to be crocial for emotional-cognitive
intespration and foows of attention in the imemabiextiernal
balance, Zhang et al, (2017) showed that PCC activity s
correlated with the level of copscigusness i brain
lesioned  patients, whereas, in the present stwdy, the
PCC remained structurally unaffected. The level of arou-
sal and awareness as well as the internallexternal balance
{1.e., directedness of behavior toward the external workd,)
are closely related to exploratory and outward (ie. exter-
nally-directed) behavior as measured by SEEKING.

Onuir data showing reduced SEEKING supgest that the
very same behavior is roduced in stroke patients; they
show a much lawer level of areusalfawareness of the
external world and reduced exploratory behavior direc-
ted toward the external world

[mpertantly, we ohserved a sgnifican negative correla-
fiodn bBetwieen SEERING and PCC neuroal sarmbiliay in
healthy subjects, with bess variability in PCC leading to
increased SEEKING, Supposing that SEEKING is mainly
driven by siubeortical activity (Panksepp, 1998 Panksepp &
Biven, 2012}, this suggests that cortical vacability may
need to be suppressed during subcortical activity related
to SEERKING. One may thius want 1o assume inverse of
reciprocal refationships between subcortical and cortical/
PCC activity during SEEKING in the healthy brain,

That same reciprocal or inverse relationship hetween
subcortical and cortical actvity does not appear in the case
of stroke. Instead of & negative (Le, nverse PCC-
SEEEING) relationship, we ohserved a positive correlation
between neuronal warability i POC and SEERING: the
highver the PFOC mevromnal varmbality, the higler the degree



of SEEKING. This may be interprefed as compensation for
the reduced PCC neuronal variability we observed in POC
Alernatively, it meay be related to abnormal subcortical-
PCC relation, The drong presence of suboortical lesions
may make a peverse or inverse relationship botween sub-
cortical regions and PCC impossible. Dae to the subcor-
tical kesion, the cortical regions (e, the PCC) may have to
drive SEEKING in stroke patients. More generally, sub-
cortical lesions seem to lead to functional reorganization of
the cortical levels including the PCC activity, measured in
terms of its pewmonal varabiity af least in the acufe amd
sub-acute adjustments. Future Bllow-up studies  may
explore long-term reorganization of the brain and affective
behavioral fusction,

4.5, Limitations

The heterogeneity of lesions makes resting state investiga-
tion of stroke patients difficult, That same heterogeneity is
alsz spparent in our stucy sample, Howover, confirming
a recent study by Corbetta et al, (2015], our stroke patients
showed predominant lesion in subcortical regions, while
[ewer lesions were observed in cortical regions, The het-
erogenseily of lestons in owr ssanple reflects a clinical reality
while, at the same time, makes detailed and svstematic
scientific imwvestgation difficoult, of nod impassible. For that
reasont, we refraimed Troam investigating funcional comines-
tivity betwesn subcortical Jesion and cortical regions like
the POC. Anatysis of sabeortical-cortical PCC functional
connectivity would have been desirable fo support our
assumption of cortical-behavioral functional recrganiza-
twon (as evidenced by our abnormal PCC-SEEKING cor-
relationy on ssbeortical  grounds.  However,  the
hetersgeneity of subcortical kesions made such analyzes
imipossibie,

Mareover, the presence of structural lesions makes it
difficult to imvestigate and interpret functional para-
meters i the demaged regions, Our results revealed
reduction in nearonal varmlality noone region, the
POC, that did mor show structural damsage in any of
the included stroke patients, Therefore, our findings of
reduced neurond] variability can be interpreted as pri-
marily functional, rther than being a secondary deficit
due to primary structural lesion. However, more
detailed structural investigation, induding DTI, would
be necessary to rule out structural lesion appropriately.

Another limitation is that our sample was somewhat
hiazed az we rogquired stroke patients o be able to
understand  and follow verbal nstruchions. This
excluded stroke patients with lesions in Wernicke's

andkor Broca’ regions (Le., with severe verbal language
disorders), Therefore, fature studies should mclude
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stroke patients with lesions in language-related regions
as well to investigate whether they show a similar pat-
tesn of seuronal and behavioml resalts

Finally, one must be aware that, despite the fact that
control and stroke groups did net show statistically
significant differences in terms of age and education,
same differences trending toward significamce were
noted. Possibly, the lack of significance may be due to
an underpowered test more than true lack of differences.
Future studies using larger groups might clarify the role
of these potential baseline differences when assessing
similar outcomes,

5. Conclusion

We investigated behavior and resting state activity in
a post-acule sample of stroke patients. Our samiple showed
predominantly subcortical {rther than codical) lesions as
well as reductions in bath SEERTNG and PCC neuronal
variabality with the hifter two also correlating i an abaor-
mial way (Le., positive, rather than negative). Our findings
add to the current erature regarding bath subcortical
regions and PCC involvement in stroke and more gener-
ally, suggest cortical-belavioral reorganization of resting
state activity and associated belawvior (eg, SEEKING)
associated with subcortical lesions in stroke,

Highlights

* Preduminant subcortical lesions i the stroke sample

# Reduced SEEEING in stroke paticnts with respect to
hizalthy contral sibjects

® Reduced nearonal varability in the posterior cingulate
cortex (PCCY in stroke

# SEEKING is abnormally correfated with PCC neuronal
variability in stroke

* Syhcortical alterations may play a central mole in post-
stroke reoTganizalson
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