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Abstract The aim of this systematic review was to integrate
and assess evidence for the effectiveness of multisensory
stimulation (i.e., stimulating at least two of the following
sensory systems: visual, auditory, and somatosensory) as a
possible rehabilitation method after stroke. Evidence was
considered with a focus on low-level, perceptual (visual, audi-
tory and somatosensory deficits), as well as higher-level, cog-
nitive, sensory deficits. We referred to the electronic databases
Scopus and PubMed to search for articles that were published
before May 2015. Studies were included which evaluated the
effects of multisensory stimulation on patients with low- or
higher-level sensory deficits caused by stroke. Twenty-one
studies were included in this review and the quality of these
studies was assessed (based on eight elements: randomization,
inclusion of control patient group, blinding of participants,
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blinding of researchers, follow-up, group size, reporting
effect sizes, and reporting time post-stroke). Twenty of
the twenty-one included studies demonstrate beneficial
effects on low- and/or higher-level sensory deficits after
stroke. Notwithstanding these beneficial effects, the quality
of'the studies is insufficient for valid conclusion that multisen-
sory stimulation can be successfully applied as an effective
intervention. A valuable and necessary next step would be to
set up well-designed randomized controlled trials to examine
the effectiveness of multisensory stimulation as an interven-
tion for low- and/or higher-level sensory deficits after stroke.
Finally, we consider the potential mechanisms of multisensory
stimulation for rehabilitation to guide this future research.
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Abbreviations

ADL  Activities of Daily Living

fMRI  Functional Magnetic Resonance Imaging
MSI  Multisensory Integration

RCT  Randomized Controlled Trial

A Auditory
AV Audiovisual

d Days

Fr Frontal

h Hours

LH Left Hemisphere
m Months

ms Milliseconds

Oc Occipital

P Proprioceptive
Pa Parietal

RH Right Hemisphere
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S Somatosensory
SC Subcortical

Sign. Statistically Significant
Te Temporal

v Visual

v Years

Introduction

In the last decade there has been a considerable increase in
fundamental cognitive neuroscience studies on multisensory
integration (MSI; Van der Stoep et al. 2015). Most of these
studies indicate that multisensory integration allows for
a coherent representation of the environment and that it
enhances detection and localization of external events
(see Stein 2012 for an overview). Combining information
from different sensory modalities can be especially beneficial
in supporting behavior when the signal from a single modality
is only weakly able to induce a behavioral response, or when a
sensory system as a whole is weakened (Stein 2012). Based
on these findings, we hypothesize that stimulating multiple
sensory modalities (i.e., multisensory stimulation) has the po-
tential to be beneficial in improving sensory deficits after brain
damage, as information from a normally functioning sensory
modality might aid the processing of information from the
impaired sensory modality. In this way, multisensory stimula-
tion might have the potential to aid rehabilitation of patients
suffering from stroke.

Integration of multisensory information is an important as-
pect of multisensory stimulation. Animal studies have led to
the formulation of three fundamental rules of MSI (Stein
2012): first, the temporal rule states that maximal MSI occurs
when multimodal stimulations occur approximately at the
same time; second, the spatial rule states that maximal MSI
occurs when multimodal stimulations originate from the same
location; and third, the rule of inverse effectiveness states that
maximal MSI occurs when each of the constituent unisensory
stimuli are suboptimally effective in evoking responses.

Electrophysiological and anatomical findings in animals
and non-invasive neuroimaging findings in humans have
identified multiple brain areas that contribute to MSI (Amedi
et al. 2001; Keysers et al. 2003; Rockland and Ojima 2003;
Shore 2005; Nagy et al. 2006; Beauchamp et al. 2008; Allman
et al. 2009; Cappe et al. 2009; Falchier et al. 2010). Two basic
neural mechanisms by which multisensory processing can
arise have been proposed. First, multisensory processing
may be accomplished when primary sensory areas are activated
and project to multisensory convergence areas (red arrows in
Fig. 1), followed by feedback projections from the latter to the
former. Second, neurophysiological studies in animals have
demonstrated that there is a direct neural connectivity between
the primary sensory cortices (Rockland and Ojima 2003; Allman
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et al. 2009; Falchier et al. 2010), which implies that sensory
modalities can also modulate each other’s responses at a low
cortical level of processing (blue arrows in Fig. 1). Moreover,
several fMRI (functional magnetic resonance imaging) studies
have reported an increase or decrease in brain activity of the
primary sensory cortices during multisensory stimulation
(Macaluso et al. 2000; Amedi et al. 2002; Watkins et al.
2006; Martuzzi et al. 2007). For a more detailed discussion
of brain areas that contribute to MSI, see for example
Bolognini et al. (2013) and Klemen and Chambers (2012).

In general, the brain can use alternative routes to by-pass a
damaged area after stroke and in this way adapt to the damage
(e.g., Nudo et al. 1996; Dancause et al. 2005; Wilde et al.
2012; Buma et al. 2013). We expect that multisensory infor-
mation could still be combined to some extent in the case of
damage to multimodal association areas as well as when
the damage affects sensory-specific cortices, because many
(even sensory-specific) brain regions would still be able to
assist in combining this information. Multisensory stimula-
tion might even enhance residual neuronal activity within
such a damaged areca when information comes from mul-
tiple senses. This increase in neuronal activity might lead
to (for instance) detection improvements, since neuronal
activity is more likely to exceed the threshold necessary
for detection. All in all, multisensory stimulation might
prove to be a promising intervention for (sensory-specific)
impairment caused by stroke, since information coming from
multiple senses might enhance detection and localization of,
and responding to external events, resulting in a reduction of
the impairment.

The aim of the current systematic review is to provide an
integrated account and quality assessment of studies that have
investigated multisensory stimulation as a possible rehabilita-
tion method to improve low-level and higher-level sensory
deficits after stroke. Deficits in low-level processing of per-
ceptual information occur at a relatively early processing
stage, leading to a primary sensory deficit (e.g., visual field
defects). Distortions at a later level of perceptual processing
are causing higher-level sensory deficits, which are more cog-
nitive in nature (e.g., neglect; Kandel et al. 2000). Recently,
Johansson (2012) deemed multisensory stimulation in stroke
rehabilitation a promising approach with a focus on motor
recovery. Our focus will be on the effects of multisensory
stimulation on recovery of sensory deficits. To guide future
research, we also consider the mechanisms of multisensory
stimulation for rehabilitation (i.e., the short- and long-term
effects, transfer effects, and whether it targets compensation
and/or restoration). In the next sections, studies that have
assessed the effects of multisensory stimulation in patients
with low-level visual (i.e., visual field defects), auditory
and somatosensory deficits and higher-level sensory deficits
(i.e., hemi-inattention or neglect) caused by stroke will be
reviewed.
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Fig. 1 An illustration of how multisensory processing could arise from
projections from sensory specific areas to multisensory convergence areas
(depicted in red) or from direct anatomical connections between the
primary sensory areas (depicted in blue). Lateral view on the left,
medial view on the right. Depicted multimodal areas: The posterior

Methods
Literature Search and Article Selection

The literature search (Fig. 2) was conducted in the Scopus and
PubMed databases for articles that have been published before
May 2015. Date last searched was May 5, 2015. The string used
to search for articles was: (TITLE-ABS-KEY (“multisensory”

parietal cortex (PPC); the superior temporal sulcus (STS) the perirhinal
cortex (PRC); and the superior colliculus (SC). Depicted primary sensory
areas: primary somatosensory (S1), visual (V1), and auditory (A1) cortex.
See text for details

or “multimodal integration” or “multimodal stimul*” or
“audiovisual” or “audio-visual” or “visuo-auditory” or
“visuotactile” or “visuo-tactile” or “tactile-visual” or
“audiotactile” or “audio-tactile” or “tactile-audio” or “visual*
enhanc*” or “tactile enhanc*” or “audit* enhanc*” or
“somatosens* enhanc*”) AND (TITLE-ABS-KEY
(“hemianop*” or “visual field defect” or “visual field
deficit” or “auditory disorder” or ‘“auditory deficit” or

Fig. 2 Schematic of the literature
search and article selection used
by the authors to identify studies
on multisensory stimulation in
stroke patients

389 and 731 documents identified
through Scopus and PubMed database
searching respectively and 5 additional B>
documents identified through other
sources (e.g., reference lists)

104 and 347 documents
excluded from the Scopus and
PubMed databases respectively
that were classified as a
different article type than a

journal article; that were
classified as a review,
systematic review or comment
publication type; that were not
conducted in humans; which
had a different language than
English; or of which the full-
text was not available

v

608 records, after duplicates removed,
screened (title and abstract)

568 documents excluded

A\ 4

A4

eligibility

40 full-text articles assessed for

19 articles excluded:
- Focus on competition of

attentional resources in
patients with extinction (8)

- No multisensory stimulation
by our definition (4)

- Passive stimulation (2)

- Only abstract available (2)

v - Literature discussion (1)

21 studies included for review and
validity evaluation

- No patient study (2)
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“auditory defect” or “somatosensory disorder” or
“somatosensory defect” or “somatosensory deficit” or
“perceptual disorder” or “perceptual deficit” or “perceptual
defect” or “neglect” or “stroke”)) AND NOT (TITLE-ABS-
KEY (“migraine” or “synesthesia” or “synaesthesia” or
“spinal cord injury” or “autism” or “aphasia” or
“schizophrenia” or “dyslexia”)). Documents retrieved from
this initial search that were classified as an article by Scopus
or as a journal article by PubMed and as being written in
English were screened on their titles and abstracts. Studies
were included which evaluated the effects of multisensory
stimulation on patients with low- or higher-level sensory
deficits caused by stroke. In all included studies at least
two sensory modalities were stimulated at the exact same
moment in time. The stimulation had to be passive and not
active (i.e., the stimulation itself had to be independent of
any action by the patient). Excluded were animal studies,
studies in healthy participants (e.g., Laurienti et al. 2004,
van Ee et al. 2009), reviews, and studies of which the full
article was not available. Articles that focused on competi-
tion of multisensory attention in patients with extinction
were excluded as well. The included articles were read
completely and their references were scanned for relevant
articles that might also meet criteria for inclusion. In total,
21 articles met the criteria for eligibility and were included
for review and quality assessment.

Quality Assessment

The quality of the included studies was assessed based on
the following eight elements (following Spreij et al. 2014):
1) randomization; 2) inclusion of control patient group; 3)
blinding of participants; 4) blinding of researchers; 5)
follow-up (i.e., subsequent examination of participants);
6) group size; 7) reporting effect sizes; and 8) reporting
time post-stroke. Studies could score 1 or 0 on each ele-
ment, when it was dealt with in a sufficient or insufficient
way respectively. Additionally, an element was scored as 0
if it could not be inferred from the article. If these quality
elements were not sufficiently dealt with, the effect of an
intervention might have been either under- or overestimated
(Tijssen and Assendelft 2008).

The criteria for sufficient randomization were randomized
allocation to an intervention or randomized or counterbalanced
presentation of the order of conditions. Inclusion of control
patient group was sufficient if a control group of patients re-
ceiving either an alternative form of treatment or no interven-
tion was included. When patients and researchers were
prevented from having access to certain information that might
have influenced them and thereby the results, the criteria for
blinding of participants and blinding of researchers respective-
ly were sufficiently dealt with. The criteria for sufficient
follow-up were incorporation of a follow-up in the study’s
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design and disclosure of the total number of losses-to-follow-
up (i.e., dropouts). The element group size was scored as 1
when 10 or more patients were included in a within-subjects
design or when 10 or more patients were included in each
group in a between-subject design (this criterion is based on
the common group size in fundamental studies in healthy
participants [10-12 participants] and is used in other re-
views as well [e.g., Spreij et al. 2014]). Additionally,
reporting effect sizes and reporting time post-stroke were
sufficiently dealt with when effect sizes and time post-
stroke respectively were reported. If none of the elements
were sufficiently dealt with, the study would receive a total
score of 0, if all of the elements were sufficiently dealt
with, the study would receive a total score of 8. Based on
the study’s total score, its quality was classified as high
(total score>6), moderate (total score>3 and<5), or low
(total score<2).

Results

The specifics of the included studies are presented in
Tables 1-4. First, findings in patients with low-level, percep-
tual deficits are addressed, including patients with visual field
defects (Table 1), auditory deficits (Table 2) and somatosen-
sory deficits (Table 3). Second, findings in patients with ne-
glect are addressed (Table 4).

Visual Field Defects

Visual field defects, such as hemianopia, occur frequently af-
ter stroke, as a result of a lesion in the early visual pathway
(Kandel et al. 2000). Patients with visual field defects usually
fail to adequately respond to or report contralesional visual
stimuli (Halligan et al. 2003), resulting in difficulties with
reading, scanning scenes, and obstacle avoidance, especially
on their affected side (Papageorgiou et al. 2007). Eleven stud-
ies were included that have examined direct and short-term
effects (i.e., effects measured during stimulation or directly
after stimulation) and/or short-term effects and longer lasting
effects (i.e., effects measured not directly after stimulation) of
multisensory stimulation on performance of patients with
chronic and acute visual field defects. The characteristics of
the studies are listed in Table 1.

Studies on the direct and short-term effects of multisensory
stimulation by Frassinetti et al. (2005) and Leo et al. (2008)
demonstrated that the addition of a coincident sound enhanced
detection of a visual target in the affected hemifield
(Frassinetti et al. 2005) and vice versa (Leo et al. 2008). In a
recent study by Ten Brink et al. (2015) the addition of a coin-
cident sound facilitated saccades to a visual target in the un-
affected hemifield of all (eight) patients, but in only one pa-
tient performance in the affected hemifield was enhanced. In



71

73-91

Neuropsychol Rev (2016) 26

PO [ensIA pajooyje
pue pojoapyeun

JUIOYIP Ul OS[e]
uonisod JuaIopIp

paxyy) Areuone)s
10 {(Ansudur

pringer

oY) UI p UONIAIP A s[eln 10 owes IOy Ul ur SuIseaIoop)
uonIpuod Surmoo| T11 3o so0[q oy Ul JUSWoUt Surpadar @
AV Ut 10y3iy ‘usis 0p 7 Juouadxg Jwes je pajuasaid {(Ansudyur ur @_
sem PJol) [ensiA uo102)op SUONIPUuOd Areuorye)s Sursu) urwoo] 1y
PpajodpeUn A} A 17 yuownedxg [1e Surpnjour 10 Surpaoal su 05T eIsoude [ensia
ur (p) A1ADIsuds UONBUTIILIOSIP S[e1 96 JO SY00[q ‘Surtoo| 10§ pajuasard Ha pue 10959p $10C
UONRUILWILIOSIP A §€0 >d /159) S IysI] A 1 yuowadxg 0p :1 oumdxg YL V) AV A SauI| PI[OS A V puB A K¢ 20 ‘®d pue 4T ypog PIRY [enudd | Te 19 91903
juoned
QUO 10J UONIPUOD
JUSPIOUIOd AY
ur A9BINJOE 9pLIdes
JO JUSWIOOURYUD
“USIS :p[oY PAAYY
sjuoned owos 10§
Koudye| apeodes uo
UONIpU0d JO S)9P3 dyeredsip
s (ynuns AV pue y
A Isenuoo ySiy Surpnjour puooas
ym Aq[eroadsa) JUOPIOUIOd AY
uonIpuod ajeredsip pue y Surpnjour
AV Ul KoeInooe 11 ‘sjeLn
OpEOJES JO 9SBAIOIP 081 Jo $00[q (uomisod
‘uSIs pue uonIpuod ¢ 17 uowmadxy JUSIQIIP 1O SWes sw QS 10y
JUSPIDUIOd AV UI (uoneniur o) SUuonIpuod [[B ur ‘JuapIouIod pajuasaid sapomo A
KoeInooe opeodes Jo $00'>d Koudje] pue Surpnpour sjern Aqreroduwoy (ap 7L-9¢€)
JuSWIOdURYUD "USIS / 19A9] 100[qns (o818 v 03) 0¥ JO sy001q pajuasaxd swr (S Jo sising S 90 eidouejueipenb S10T
‘PIRYIWAY Pajo3JeuN -o[3urs Je s)sa)- KoeInode opeooes 0f :1 Juouadxg 1[nums) Ay ‘. 9siou pueqpeoiq 1y APUBY W HS[9T ‘ed 9L H1v ‘HY b | ‘erdouerwoy / [ 30 YuLig U,
(Apms sy ur
JuawLdxs Ioyjoue
£q pojensuowop
Se JuUapIourod
AJreroduwoy pue)
jJuoproulod Ajfeneds
USYM UONIPUOD (uonisod
AV Ul payruay JUQIQYIP 1O owIes
pajoojyeun p Surpasoons ur uapIouIod sw (] 1oJ
pue pojoope 7 UO ‘SUOIIPUOd Aresodwoy pajuosaid soxenbs A HY
Q) Ul UONZI[EO0] ITe Surpnjour pajuosard sw 0] Jo JS 90 pue H ypoq
Jo yusuroaoxdut “usig €0'>d / VAONV UONEZI[edO] V  S[BLN (7 JO $300Iq ST nums) AV A ‘v sising suoj-omd 1y APuey Aog-wg ‘edQLMd [ HI¥ HYL eidouerwoy g1 800T ‘e 1 097
erdoueroy
10 199[32u
s spuoped
ur QuapIouIod (uonisod
Aqreneds usym JUSIQYIP 10 dures
uonIpuod Ay Ul P Surpacoons ur uopIouIod sw 00T Jo erdoueruoy
PloyIWLY Pajodyje 7 UO ‘Suonipuod Ajreroduwoy S)SINQ ASIOU-ANIYM pue 109[3ou
Q) Ul UONOAIOP A I1e Surpnjour pajuosard su Q[ Jo S 90 sjuoned L ‘erdoueruoy S00T
JO JuowdouRyud "uSIg 100" >d / VAONY uonoddP A Y g —/+JO SUOISSIS T nums) AV VA yseg qa1 o[Surs A V pue A { ‘ed QL 1]  SSOIOR JUAII] L 999[39U £ [ 30 INOUISSEI]
Amfur
[oA9] eydye aInseauwt uone[nwns sanIepow 1s0od s
SINSAI UTB[N]  /1S9) [eonSHe)S awoonQ Jo Aouonbarg suonIpuo)) nums  pajenuung QW] ~ UOISYTT  OpIS UOISYT syuoned Apmg
(1x9) ur douereadde Jo I9pI0 UT) $109JOP PIOY [ENSIA YNIM sjudnjed Ul 930xs IOy Uone[nWNs AIOSUISH[NUW JO SIOJ Ay Sunen[ead saipms [ d[qel,



Neuropsychol Rev (2016) 26:73-91

78

erdoueruay

UL Py parojye
Y uey) PajoJYFeun
ayy ur uoneydepe
Io)je snjnums
Sundepe spremo)
UOIBZI[BOO] PUNOS
ur Yiys 10jears
‘ugIs ‘uoneoo|
uonE[NNS

PIemo} UONRZI[ed0]
punos ur yrys ‘ugis

(uoneydepe

-)sod osorp) woly
uonejdepe-oxd
suoneoo| pajodar

‘pIoY pajosyeun ay) ueaw Funoenqns JuaNISU0d
Sundepe 1oye "uds £q pajenores) Areneds jo
PoseaIoap AovInooe YIYS UONBZI[eIO] s[eLn 01 pey oreredsip Ajeneds sw Q[ Jo
UONRZI[BIO] v pue uoneidepe 3SB) UONRZI[BOO] OIS AIOM ysey @A o[Surs A (HY e
v :Auedsip [eneds Iae pue V ‘Ui 4 pajse| 1nuwims Yy} yorym sw (001 Jo DS 90 1309132u) 199132u 9 00T T8 10
0} uonejdepe 1oyy S0 >d/ VAONVY 9I10Joq UONRZI[edO] sy00[q uonedepy ur uoneydepe Ay 1sInq SSIOU-NYM 1Y A Pue y w gol—S ‘ed AL 14 H16 ‘HI9 ‘erdoueroy 6 nuowesseJ
(s8>d $00[q
/1s9) axenbs Ul POPIAIP d1oM
-1 10 108X S 19 S[eL “0yC 01 Populxo Jo de ur
(quoned -yst yum judned 96 woy SurSuer (Teou) ULIE [BUOISO[RIIUOD
9[3uIs © 10§ j0u) [ENpIAIPUL (0B S[eLy) JO Junowe POpUAX3 10 (punoigyoeq
SUONIPUOD UIMIQ 10J SisA[eue pue) [©10) JUSIAPIP (ourjoseq) de ur oe[q uo) oS 8002
SIOURIIP "USIS ON $65>d | VAONV uonodp A B papjdwoo sjuoned  WLIE [RUOISO[RNUOD) 10ds ayym A d pue A w 7e-§'¢ 90 ‘ed H11 ‘HYV erdouerwoy ¢ Te 10 g
(swrepe (1003)
s[eJ 10J UONOALI00 Keme 1oy)INnJ
© I0e) ploy pajuasaid rnumns o308 STUUR}
[ensiA o] 1oddn [enSIA pue Jaxoel © Surpjoy Jnoynm
Y} 10J UONIPUOD s1uu) urpjoy 10 ()IM POPUIIXd
Iej o) paredwoo pUE Popu)Xd uwre Jo dej ur wire :q
uonIpuod [00} e ‘(1e) Aeme (uonipuod
ur juswoAoxdwr Joymy pajuasaid 100} pue Jey)
‘usig -ouljeseq o} [nuns [ensia QOUBISIp Wwod (O8]
paredwod uonipuoo pUE PopU)Xd Je 10 (UonIpuod
Iedu Ul ploLy ue ‘(Jeau) IedU pue
[ensIA (pa1odgye) Yo POpUAXD Wi QuIaseq) W ()9 00T
Q) Ul UONOAIP A 10>d p oidnnw uo ‘(ourjoseq) dej ur Je pojuasaid oS UuosHqoOy
Jo juawdaoxdun uSig /1s3) arenbs-1y) UONOAP A PAIONPUOD SUOISSIS 9 e [euoIseenuo)  suw (0G| Jo oqoid :p d pue A w/ 00 ‘AL HY 1 erdouerwoy | pue [9pudyds
UonIpuod Ieau uoneoo|
-puey dy) ut pay 10818) WOy IeJ 10
[ensia (pajodye) sawn Teou pooeyd puey
19 oy W pajussaxd 9 pareadar arom uonedo| [BUOISS[ENUOD :
s109[qo jo Surdserd nums J pue 1o818) Woxy SOZIS JUIAJJIP
puE UONBWISA dZIS Lv0 > Surdsei3 A JO uoneuiquiod Iej 10 Jeau paoerd 9 Jo s309[q0 800C
Jo juowdoueyud ‘USIS  d / UOISSAIFAI IRAUITT  pUB UOHBWINSD 9ZIS [oBd 10J S[el} Y], PueY [BUOISA[ENUO)  NI0[q SSe[S1xald 9 :A dpuepA Kzgpuekg 90 ‘ed 9L HIC erdoueruay g ‘Te 19 umorg
SUONIPUOd
JUIPIOUIOD
Aqreneds AV (e ([1 yuowodxa suw )Gz Jo
ur 1oySiy uSis sem ur uonisod punos (Aysuaur
Amfur
[0A9] eydye Inseaw uone[nwins sanIepow 3sod IS
SHNSI UIBR[N 1S9} [BO1ISIE)S wodnQ Jo Aouonbarg suonIpuo)) nums  pore[nung QW] UOISYT  OpIS UOISY] syuaned Apmis

(ponunuod) [ dqey,

pringer

A's



79

Neuropsychol Rev (2016) 26:73-91

ur uononpai "ugis e
PUE SUOTEXT) JOMIJ
‘ugIs pajensuowop
sjuoned ‘Sururen
AV 9 1oye
‘uontppe ur "Iqv
pue AJADISudsS
remdoorad
‘SUO1IJP
A Ut ugis
pasoxdur syuoned
Sururen AV o) 1Yy
71QV pue exd[sip
aidoueruay 1oy
pajensuowap osfe
Q1M sjuowdAoIdu
‘u3Ig (punoy a1om
1000 “uSis odnnur)
159) JOqUUNN]
) IO} pue YoIeds
[ensiA Joj Sururen
-1s0d paaoxduur
sem uonelojdxa A
“UONIPUOD JUSWDAOUI
ko aup ur "uSis
sem JuatdAoIdu
siy ‘Suturen
-1s0d paaoidun
SeM TUOIAIOP A
‘Kaarssargord
pasoxdun Sururen
Suunp douewopod
uonodRp A
‘plegIwRy paryye
9} 10} PAYRNSUOWSP
arm spuowdAo1duy
SUONEOO[ paurenun
Y 0 paredwioo
uoneoso| paydepe
a1 Je pajudsaid
Spunos 10j AoeIndoe
1016013 "uSIs
‘proyiway paydepe
a1y Jo ssapiesar
‘pasearour
‘ug1s AoeInooe
UoneZI[eO0]
V :90UdpIouIod
[eneds 0y uoneidepe
10yV "spuoned

1998
A 1 pue 1je[ W ¢

‘Sururen Ay Ioye

‘Suturen A Ioye

‘Bururen a10§oq

Passasse Furuueds

10J0WO[NO00

pue “1av

‘uoneroldxa A

{(syuduAow

94 noyim pue

§0™>d / VAONV

w | 1oye
pue Sururen
Jo pud oy 18 pue
Sururen a10j0q
passasse AV
pue erxa[sAp
srdoueruoy
‘uoneroldxo A
{(syudwdAOW
32 noyym pue

IAY) TONOAIP A

90'>d
“Yuel-pausis
UOXOJI\\ / VAONY

1A) UOTOP A

M 7 uey)

sso[ Sunse| Y

—/+ JO SUOISSOs

Aqrep odnnu

uo pajonpuod
sem Sururer],

M 7 uey
sso] Sunse| | 4
—/+ JO SUOISSAS
Arep opdnnu
Uuo pajonpuod
sem Sururel],
‘sjuored ssoxoe
PRIIP $3201q
JO Ioquunu [ej0)
“Yoo[q 1od sfew g4

S () 01 OE Woiy

paonpai Ajjenpeid

sem Sururen

AV 24} Ul [RAIUI 18Inq ASIOU-AIYM Y
Jetodwey oy], sw Q[ Jo

‘Buiuren AV pue A ysey qa1o[8uIs :A

sw 00| Jo
S[O1U0d
Aypreay g1 pue
erdouerway 7|

2S 20
Log—wg ‘®dOLU (THISHIS

9600C e 1
V pue A

s () 0} ()OS Wwoxy
paonpai Ajjenpeid
SEM UONIPUOD
[ensiAoIpne oy} ut
Teardyur erodwo)
Ay L, “(uoneoo|
JUSIAJIP 10

Jwes je pyuasaid

[nws) AV VA

sw o1 jo
1SInq ASIOU-O)YM 1Y/
sw 001 Jo 20
yse[y Q7T A8uIS A V PUBA Ay—C ®d9LT (1'HTIEHIY

BS00T

eidouerwoy g e 30 ruuSojog

S)INSI UIBJA!

2Inseaut
QwooIQ

[0A9] eydye
/1891 [BoNsnElS

uone[nwys
Jo Aouonbarg

Amfur
1s0d
QulIL],

sonifepowr
nuys - pajeinwng

s

SUONIPUO)) UOISOT OIS UOIS] sjuaned Apmg

(ponunuod) [ dqey,

nuowessed

pringer

fHs



Neuropsychol Rev (2016) 26:73-91

80

SaInseaw AawWodNo
ITe uo d1ow "uSIs
pasoxduwr Sururen

AV Suiarooar syuoned

1AV pue Suruueds
10)0WO[NO0
‘uonerojdxe

pue UONAIP A
10} dn-mo[joy 1eak
-1 9y pue yyuouw
-¢ oy Je 2[qe)s
pourewai syuoned
ur s)oo)o Sururer],
'spoalqns [onuod
Y} 0} Tefruts

dIoW pue paziuesio
QIow sem SUIUURdS
A ‘oouanbosuoo

e sy -opnyduwe
SIPEOO.S UBOW

9¢0'>d / VAONYV

Sururen
Ioye pue d10Joq
passasse 1AV
pue Suruueos
10J0WIO[NO00
“(yoreas 3a0lqo
pue Surpeal 10j)
uonerofdxa A

M € JOAO UTUWL ()¢

OB JO SUOISSAS ()7

Suuren AV pue A

sw 001 Jo
1SINQ JSIOU-NIYM 1Y/

sw 01 Jo
yseyy qd1 I8uIs :A

S)[NSAI UIBIA!

/189 [eonsnelS

amseaw
QwodmQ

uonenwms
Jo Aouonbarg

SUONIPU0))

nwng - pajenUIng

HT9
‘HY L :erdou
-eIWoH "H'T 010T
1 ‘H49® erdouejuerpenb quey-ugo]
M $7—€ 90 ‘®d ‘9L -1doueyueipend) £ pue eidoueroy ¢ pue 1[0
Amfur
1sod IS 5
OQwWIl], UOISY]  9pIS UOISY] syuoneq Apis mo
=
=9

(ponunuod) [ djqeL

A's



81

Neuropsychol Rev (2016) 26:73-91

POMOIA SEM
LB UMO USYM

100§
1oqqni & 1o 399[qo
[eN3U © ‘ULIR UMO

padoueyqud ‘usIs (40" >d ‘eyep oY} JOYIS FUIMIIA A
sem (AoeInooe [onuod Ayieay 100J Jaqqnr (ww 06—0¢
31398} MO[ Y U0 VAONVY € JuImalA pue Aq pareredas :7)
ynm syafqns pue uoIssarsor (Aymoe omoey) sdey ojqnop 100[qo TenNOU wURIdpUN 3y} 0} s[onuoo Ayjfeay|
ur pue) syjuaned JTeaul| pue) UONBUIULIOSIP SnoauUR)[NWIS & SuImaIA PaYdENE SPIOUA[OS 0S ‘ed HIS 7€ pue Ioyap L00T
up QueulojRd €0 >4 / VAONV jutod om], 4z ‘sde) 9[3uIs 7 ‘WiIe UMO SUIMIIA Suneiqia g 1o 1 :S A pue s w 05— QL 14 ‘HY G Alosudsojewios )]  °[e )9 OULIRS
i
(u2as 2q uappiy 0} Eoow.@“
(uonipuod JA) (suonrpuodo PInoo doeLIMS Q0BJINS SUIMOIA
ua3s 9q 7 oo o JuooR(pe 10 (UonIpuod A)
PINOJ 29BJINS ur quit| udasun SUOISSas oryMm ur) JA urd uopoom
juode(pe oty o) 0) pue T UI PA)so) sem pue (u0as 9q [rews £q pougop
uoym pasoxdur UonIpuod A ) one  “(speln j0U p[Nod quuI| SuoIeo0] 1o818) (A Jonuod Ayireay
‘ugis sem ur snjums A e 761 =1810}) P2102)0p-2q-0} Q0pyINS B [ pue quit|
puey pairedur 03 ‘Sunurod £q) uonIpuod ) 03 doBJINS peawrepun paoed 1oddn yySu 1002
A1) JO UONOAAP 1000 >d 10318 21} JO oB2 Ul puer| juooefpe ‘puey 10318} UGASUN 2} Jo I[P e
quaned oy 104 / VAONV uonezI[edo]  [oed 10J S[el 7¢ yoym ur) 4 ‘A Jo 103uyy xopur :d A pue 4 K¢ —/+ oS H11  Alosussoyewos | podmaN
[oA9] eydre amseawr uone[nwms sanIepow Amfur s opIs
S)NSAI UTRIA[ /189 [eInsneIS awonQ Jo Kouonbaig suonIpuo)) qnups  pajenung  jsod owr], UOISYT  UOISY] syuaned Apms
(3x91 ur douereadde Jo 19pI10 UI) SUOYSP AIOSUISOJRIOS YIIM Sjudned Ul 93j01s 101 Uone[NWNS AIOSUISHNW JO S109J0 oY) SUNBN|BAd SAIpmIS € IqBL
P 9AINIASUOD ¢ IOAO
$300[q [epuRWILIAdXd
Juaprourod Ajreneds G Ul pAINgLIsIp d1om (uonisod
QIoM I[NUINS A s[eL1], ‘sjewn peredsip JUISJJIP UI 10 sw Q[ JO yseyy
USYM UONIPUOD AY uonezI[eso| A[reneds Ay 09¢ pue uonisod awres QAT Q3uIs A 109Jop
() Ul UONEZI[ed0] 5000 >d Y Jo sasuodsar JuapIouIod Ajfeneds w pyuesard  sw o[ Jo Isinq (rendrooo UOIeZI[eo0] q500T e 10
Jo yuoumsAoxdurt ‘ugrg / VAONY 1991100 JO 03ejua01od AV 0TT ‘A 0TT °V 0TT 1NWmS) AV ‘A 'V oSIOU-NUM Y APUBY W6 90 QL -[erodwoy) HY [ Konpne | tuugojog
Amlur
[oA9] eydre uone[nwmns sanirepowr  jsod IS
S)NSI UIRJA] /1S9) [BONISHBIS  QINSBAW dWOJINQ) Jo Aouonbaig suonIpuo)) numg pajenung  dWI], UOISYT APIS UOISA] sjuaned Apmis
(3x9) ur 9ouereadde Jo 1op10 UI) SyOOp A1oypne YIm syudned Ul 93ons 10Je UOHR[NWNS AIOSUISHNW JO SO0 o) Sunenyead sarpmg g dqeL,

pringer

Qs



Neuropsychol Rev (2016) 26:73-91

82

10} AoeINOdE 19813
“uBrs ‘proyIuay
pardepe oy jo
sso[pIe3al ‘paseatour
‘usis Aorooe
uonezI[eoo]
:00UapIOUI0d [erpeds
0} uoneydepe 1oy
‘syuoned erdoueruoy
Ul ppoy pajooje

Q) uey) ploy [euLIou
oy ur uoneydepe
Joye snjnuims
Sundepe spremo)
UONeZI[BIO] PUNOS
ur Jiys 10ea1s uss
£UONBOO] UOHB[NUNS
PIeMO) UOIeZI[eo0]
punos ur yiys ‘usis
p[oy [euLiou )
Sundepe 1oye ‘udis
PaseaIdop Aoeinooe
uonezI[eoo]
:Kyredsip reneds

o) uoneydepe 10y

(yuoniZuoour

0} paredwod)
uone[nwins

V oy} 0 JuonI3uod
SeM UOTB[NWNS A
udyMm pue (Koudifes
431y o) paredwod
‘Suruodo diy yySiys
9'1) Kouarfes mof
® pey uone[nwins
A UoyMm 10331q
sem juowAolduy
*S[o1Uod

pue syuaned yloq
ul uoneINUpL
v pasearour

uoneWnS AV

aprs 1ysL oy

uo pjuasaid sem
I10yeads Awrunp
usyMm S[O1U0d
pue syuoned
109]30u udaMIaq
uoneNWNS v Y|
Jo uonesynuapt

Ul 90UIIP ON

/18911 pue VAONV

(uonerdepe

-)sod asoy woxy
uoneydepe-axd
suoneoso| paptodor
ueow Sunoenqns

£q paje[nores)
JJIYS UONBZI[eIO0] s[eLn 01 pey jJuani3uoo A[reneds
v pue uoneidepe 3k} uonezieoo| Jo oeredsip Ajjeneds
I0)je pue 210joq V ‘Ui 4 pajse| IOUPIS 2IoM I[LUTS Y}

UONBZI[ed0] syoojq uoneydepy  yorym ur uoneydepe Ay

(ooeds [euorsaisdr
urfnuns A pue
doeds [eUOISI[ENUOD
ur pajuasard

QLM T[S Y

uone[nWIS Yord UoIyMm Ur) uone[nuns
UONERIYNUIPI Y IO S[EM OF “Xey AV ‘uone[uIns v/
uone[nwns

A Juaniguoour
10 juoniSuod Ajjeneds

(1eyuouunadxa)
s[en PIM pue (Surjseq)
[eyuowLIddXd oYM JYSL 10

UONEOYNUOPT 7 7/ ‘S[eLn QUIseq 9¢ YO Y} UO UOne[nwns v

e e
1109[30u) 109]S0u

HT16 ‘HY 9

9 ‘erdoueruay ¢

S[onuod
Apeay g pue
(109130u A1031pNE
HY L Suipnpout) 10930u £

s[onuoo Ayyjeay
8 pue 109[30u

HY SI Inoyym £ j09]50u g

S)INSAI UTBIA!

aInseow uonenwns

awonQ Jo Kouonbarg SuoONIPU0))

g - parenung

opIs

UoISaT sjuaned

(1x9) ur oouereadde Jo 1opI0 UT) J09[3oU YPIM sjudned Ul Yoxs Ioje UOne[NUWINS AIOSUISH[NW JO S} oY) SuneneAd saIpms

pringer

A's



83

73-91

Neuropsychol Rev (2016) 26

ay [, -ooeds Jo aprs

“Po[ Ul paAow

S oY) 10j pue Ajaarssed
puey JySu oy 10J puey 310 Yoy :J
100130 "uSIs ou sem ooeds JoLmw
19y, "oords 10)u20 IJUOD Ul [[é 18 USdS BIA POMIIA
10 S oY) Ul uey) PoweU U9aq jou sem Inq ‘soeds 1V 191U
o[ oY) Ul pasowr pey sjo31e) [[e 1By Y311 10 YO Ul uSYM ur  3u 1o
sem puet] Jof o) paress Juaned oy (POLIdAUT POMAIA SN} o] pajuasaid
USYM J)BINOI. JIOW [nun (sSuimep pue) JoLIIw 3y} ul A[uo s3uimerp
‘uSIs sem JoLIu our| o) U93S SeM PUBY PIAOW 101001SITP
A JO IPIS P s 3081e) [[e Kpoarssed oy “[ewn 01 IJud 109[S0u
a1y uo sSurmerp aury Surureu panunuod Jo uonenp 10y ooeds ur ¢ y3u 1o noyNm 6 pue
Surweu ur 109[3au Juaned oy yorym 19JUA0 10 YU Y[ 9] pajuasaxd PIM (07 YOIgM
s sjuoned ur uonIpuod ur pasowr KjoArssed suimerp S 90 Jo oFewep 1661
JO oouetIop_d S0'>d / VAONV uoneoynuopt A Jod e | :spew 9 puey 1ySL 10 Yo oull 8T ‘A dPUEA wzl-60 ‘ed 9L HY 6T HY P siwoned 67 [e 10 seaepe]
suonIpuod (uoneoo|
punos 19yjo oy 10818) A
ur uey) 1931e] sem 0} JuonIguoour
UONIPUOD PuNos 10 JuonISU0d
juaniduoo Areneds ‘KeLre yo1eds
oY) ur JuswdAoxduur A JO 19su0
‘uonIppe uj (uoneoo] 18 pyuasaid)
‘UONIPUOd PUNoS-ou 10518 JO 9AnoIpard sw 000T
Ay 0} paredwod (uonoeiop 1318} JOU Sem du0)) Joouo) 1y
uoyM ‘SuonIpuod 9JBINOJE 9 G/, punos jueniSuodur (10818)
punos oy ur € [JIM YSE) YOIBdS Ajreneds papis yim aImyesy
pasealoul ‘ugis sem A uonodun(uoo -2U0 ‘punos JuANIFu0d adeys 10 10]00
proyIwoay paaredun & ur Aoudje| SUOISS3S {7 19A0 Ajreneds papis 1010 Julreys) 900C
oy uI 10818} 10§ uorpejuasald) Pa1Sa) UONIPUOD -oUO ‘punos [eIdNe[Iq S101001SITP oS uosIaqoy
KoudId1jJo oIesg 10>d / VAONY  AOUDIOIJS Yo1eas A oed 10§ S[eLn {¢ ‘uone[NWNS  ON Suoure 1081e) A V pue A Mg ‘ed QL I HAI 109[30U [ puB JOJ[A UBA
erdoueruay
10 109[3ou
yim syuoned
ur JuIpIourod
Areneds uoym sw 001
UonIpuod Ay Ul P Surpasoons (uonisod JuaiopIp Jo s1sq erdoueroy
PIOYIWAY Pajodyje Z UO ‘SuonIpuod 10 JWIES Ul JUdPIOUI0d ASIOU-O)IYM 1Y sjuoned pue 100[30u
oY) UI UONIAIP A [1e Surpnjour Ajrezodwey pajussard sw 00T JO Ysey JS 90 Sso1oe L “erdoueruwoy S00T
Jo JuswdouRyUd "USIS 100 >d / VAONV uonoddp A Y g —/+JO SUOISSIS 7 nuns) AV VA ad1o13urs A V pue A ( ‘Bd QL ‘W JUIIIL L 999[39U £ [ 10 IIOUISSBI]
(Juaprourod
Areneds arom
[nwms Y usym
Apsour) uonIpuod P 9ADNOASUOD sw (G|
AV U} UI POOUByud uoy [ —/+Jo (uonisod JuaIogIIp U Jo souoy amd 1y
‘u31s sem pY A SUOISS3S 7 Ul unt 10 duwes ul pajudsard sw (0] JO Ysey oS sjonuod Ayiresy 7002
Y[ dyp Ul 9OUBULIOLI] S0'>d / VAONV uonodJOp A “uonIpu0od Jod sjetn g 1nwns) AV v A Qg1 o[8uIs ;A V pue A Apr—w ‘ed 9L HY L § PUE 100[S0U £ “[€2 19 IOUISSLL{
SUONBOO] paurenun
Ay 0y paredwod
uoneoo] paydepe oty
Je pojuasaid spunos
amseaur uone[nums SsanIrepow Amfur IS apIs
SYNSAI UTBJAl 159 [eonsnelS QwoonQ Jo Aouonboig SuonIpuo)) numg  pare[nuuns jsod owir],  UOISO] uoIsoJ syuaned Apms

(ponunuod) ¢ djqeL

pringer

Qs



Neuropsychol Rev (2016) 26:73-91

84

syuedonsed

9591} 10J 10030
‘ug1s ou pey| uoIsIA
pue coedsruay oy
oy ur paoed sem
puey Ja[ ) UdYM
10)5B] "UTIS 21OM
s[jonuoo Ay[esH
"9[qISIA SeM puey
o) UM I0)eaId
‘udIs sem JJ
SI ‘uonIppe uf
-ooedsrway JySu oy

PUEY oI oy
JO UOISIA OU 10 UOISIA
JoyNo ym ooedstoy

pajuaraxd

10 o[qe[TEAR

IO)I0 SeM puey
1JO[ Y} JO UOISIA 1A

doeds

1wy ySu

10 9] Ul IO

sjonuod Ayeay

ur padeyd sem puey s}o0[q (reuorsayisdr) paoeld puey yoi :d § pue syoyap
1J9] Y} USYM I3ISe] Teyuouadxs JySu1 ur 10 doedsrway SPIOUA[OS KI0SUISOJRUOS
‘ugis sem spuoned § I9A0 paINqLYSIp (euorso[enuoo) )M PISAI[OP RN 10 UONOUNXd 7102
JO douetLIOp™d €70'>d | VAONV uons9ep L Ajrenba sjew gze Yoy ur paoerd puey o sdepojfuis:g A pued ‘s Wwpl-1 ‘ed AL W HY ¥ O[1oe) Yim 109]50u Te 10 oques
MOIA WOI}
PapN[a20 Jou
(u9310s ay) uo AIoM 10 A1oM
paAeydsip atom s1o3uly s1o3uly AIyMm
xapur jo sydeiSojoyd 90818} MO[oq
Q0UBISIp W ()7 18 Apoamp ‘ooeyns
1o81e)) SaN0 A (MOIA U22108 U0 Jo ‘doy
wolj papn[oo0 s1oguly 91qe) uo paoerd
IM INq ‘Teau s1o3uly s103u1y Xopur ;g
(S[eLn [e1ore[IUN UL 0] [BOIUOPI) PAISAOD SapIs yloq
1001100 uonzodoxd s108u1y (Uda108 uo pajuasaid
£q popIAIp uo pauonisod s1oSury A[snodueynuurs
SUONIPUOd OO Y} S[eLn [e1de[lq SUOISSOS Xopur) Teau s1ogury snsip ¢ (100130u
ul Uet)) uonipuoo Ul UonBONUSPL Seredas 4, ur paisa) “(9oue)sIp wo (1 g9 10 311 oty noIM) 0007
Ieau s1o3ulj ur ss9] 1001105 uontodoid uonIPUOd Yoed I0j Je Jo31e) YIm poudie uo pajuasard uonodurXd JOUISSBI]
SeA\ 91008 UOHOUNXE 8000 >¢ / VAONY ~ “9'1) 1005 UONOUNXE  S[eLn 8] JO $Y00[q S193uly Xoput) 1ef s195uL{ L RN dpue A Wwor —/+ ed AL HM [ [enSIA papis-jyo] [ pue ouldajad Ip
S)09J9 "usIs
ou pamoys Ja9[Sou doeds
noyim syuaned 10Ju09 10 Y311
amseaur uone[nums SsanIrepow Amfur IS apIs
SYNSAI UTBJAl 159 [eonsnelS QwoonQ Jo Aouonboig SuonIpuo)) numg  pare[nuuns jsod owir],  UOISO] uoIsoJ syuaned Apms

(ponunuod) ¢ djqeL

pringer

A's



Neuropsychol Rev (2016) 26:73-91

85

addition, Cecere et al. (2014) presented a patient with a com-
plete loss of central vision and visual agnosia with different
types of sounds (looming, receding, and stationary) while exa-
mining his visual discrimination and detection abilities. Visual
discrimination in the unaffected, but not affected, visual field
was enhanced by the addition of a coincident looming sound.
Visual detection was enhanced by the addition of all types of
coincident sounds in both the unaffected and affected field.

Brown et al. (2008) demonstrated that proprioceptive in-
formation provided by placing patients’ left hand near objects
improved target size processing of these objects in the
hemianopic field. Likewise, in a single case study by
Schendel and Robertson (2004), visual detection in the affect-
ed hemifield improved when the patient’s contralesional arm
was extended into the affected field, but only for visual stimuli
near the extended hand. However, these findings could not be
replicated in a sample of five patients in an otherwise largely
similar study of Smith et al. (2008).

Apart from the direct and short-term improvements, longer
lasting effects have also been reported. Passamonti et al. (2009a)
found that auditory localization improved after four minutes of
adaptation to spatially congruent audiovisual stimulation, espe-
cially at the location where audiovisual stimuli were presented.
Bolognini et al. (2005a) presented patients with unisensory and
multisensory trials in daily sessions of about four hours for near-
ly two weeks. Patients improved in visual detection, visual ex-
ploration and in different tasks of daily life (relating to visual
impairments), and these improvements were stable at the
follow-up after one month. This study, however, did not rule
out that a similar improvement might have been obtained by
only using unisensory (visual) stimulation, as all the different
conditions were incorporated in the sessions. To overcome this
confound, Passamonti et al. (2009b) incorporated an unisensory,
visual training as well as an audio-visual training and showed
that audiovisual training improved visual detection and explora-
tion, oculomotor scanning and activities of daily life, whereas
the visual training did not. These effects remained stable at a
three-month follow-up and a one-year follow-up.

Keller and Lefin-Rank (2010) examined the effects of au-
diovisual stimulation in patients in the subacute stage after brain
damage. Patients received either audiovisual training or visual
training. The audiovisual training resulted in a larger improve-
ment in visual exploration compared to the visual training. In
addition, only patients that had received audiovisual training
showed near normal daily living activities (relating to visual
impairments) after the training of three weeks. Yet, the role of
spontaneous recovery in these findings is not clear, as there was
no group of patients receiving no training at all.

Auditory Localization Deficits

Only a single study examining the effects of multisensory
stimulation on specific auditory deficits after stroke was

included (Table 2). Bolognini et al. (2005b) investigated whe-
ther a temporally congruent visual stimulus improved the
localization of an auditory stimulus in a patient with a selec-
tive deficit of auditory spatial localization, yet intact detection,
in the whole auditory field. Auditory localization improved,
but only when the visual stimulus was spatially congruent.

Somatosensory Deficits

Impaired somatosensory function has negative effects on ex-
ploration of the environment, spontancous use of hands, pre-
cision grip and object manipulation. Additionally, it has neg-
ative effects on rehabilitation outcomes, such as personal safe-
ty, functional outcome and quality of life (Carey 1995; Carey
and Matyas 2011). Two studies on the effect of multisensory
stimulation in patients with somatosensory deficits were in-
cluded (Table 3). These studies examined the effect of viewing
either a relevant body part or the surface adjacent to it. When a
relevant body part or its adjacent surface is viewed, stimula-
tion might be provided by descending modulatory inputs from
visual body representation areas which could aid in the reor-
ganization of damaged brain areas in somatosensory deficits.

Newport et al. (2001) investigated the effect of com-
bining vision and proprioception in a patient with a
unilateral somatosensory impairment of the right upper
limb, including right tactile extinction (i.e., the failure to report
a contralesional stimulus only when it is delivered together
with a concurrent ipsilesional stimulus [Gallace and Spence
2008]). When the patient could view the surface adjacent to
her hidden to-be-localized limb, detection of the impaired
limb improved compared to when she was blindfolded. In
addition, a single case study by Serino et al. (2007) indicated
that during invisible stimulation of the upper limb, tactile
thresholds were improved when the own upper limb was
viewed compared to viewing a rubber foot or a neutral object.

Neglect

Patients with unilateral spatial neglect suffer from impaired
explicit spatial processing (i.e., reporting and/or exploring)
of stimuli presented in the affected contralesional space
(Gallace and Spence 2008; Ting et al. 2011). Additionally,
patients with neglect can have a disrupted mental representa-
tion of space, which is generally shifted to the ipsilesional
space and therefore underrepresents the contralesional space
(Mesulam 1999; Zamarian et al. 2007). Effective rehabilita-
tion of neglect is of utmost importance as the disorder is as-
sociated with poorer cognitive and motor recovery and poorer
outcomes on ADL (activities of daily living; Heilman et al.
2000; Buxbaum et al. 2004; Nijboer et al. 2013, 2014).
Neglect can occur in all perceptual domains (Kinsbourne
1993) and in different regions of space (Aimola et al. 2012;
Van der Stoep et al. 2013). Extinction often occurs in patients
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with neglect, however, double dissociations have been
reported (Pavlovskaya et al. 2007). Nine studies were
included that have examined the effects of multisensory stimu-
lation on performance of patients with neglect and/or extinc-
tion. The characteristics of these studies are listed in Table 4.

Two early studies of Calamaro et al. (1995) and Soroker
et al. (1995) demonstrated that identification of auditory
stimuli in the impaired hemispace of patients with neglect
was enhanced with additional visual stimulation in the
intact hemispace. Passamonti et al. (2009a) demonstrated
that auditory localization in patients with neglect was im-
proved after four minutes of adaptation to spatially con-
gruent, but not spatially incongruent, audiovisual stimuli,
especially at the adapted location.

Furthermore, as demonstrated in the studies of Frassinetti
etal. (2002, 2005), detection of a visual stimulus improved on
the contralesional side when a spatially congruent sound was
presented simultaneously. van Vleet and Robertson (2006)
demonstrated that target detection improved in the impaired
hemifield when a tone was presented at the onset of the search
display in a location congruent to the target location.

Ladavas et al. (1997) and di Pellegrino and Frassinetti
(2000) examined whether position of the hands could modu-
late visual neglect or visual extinction respectively. In the first
study, patients with neglect viewed visual targets and
distractors via a mirror and were more accurate in identifying
targets on the left side of the mirror when the left hand was
passively moved on the left side of space (Ladavas et al.
1997). In the di Pellegrino and Frassinetti study (2000) a pa-
tient’s visual extinction for left targets was reduced when the
patient’s fingers were positioned below the visual targets. The
left-sided extinction was not reduced when the patient’s fin-
gers were occluded from view.

Furthermore, Sambo et al. (2012) examined the effect of
proprioceptive and visual information on processing of tactile
stimuli in patients with both neglect and left tactile extinction
or somatosensory deficits. Processing of left invisible tactile
stimulation was enhanced when patients placed their left hand
in the ipsilesional, ‘intact’, hemispace compared to when they
placed the hand in the contralesional, ‘impaired’, hemispace,
especially when patients were able to see the hand.

Quality Assessment

In the section above the included studies on multisensory
stimulation after stroke were discussed. Overall, twenty out
of twenty-one studies reported a beneficial effect of multisen-
sory stimulation in improving sensory deficits. In this section
we assess the discussed studies on 1) randomization; 2) inclu-
sion of control patient group; 3) blinding of participants; 4)
blinding of researchers; 5) follow-up; 6) group size; 7) reporting
effect sizes; and 8) reporting time post-stroke (Table 5).
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Study Characteristics

Of the 21 discussed studies, only 1 (Keller and Lefin-Rank
2010) consisted of a between-subjects design. The other
studies were within-subjects designs, 6 (di Pellegrino and
Frassinetti 2000; Newport et al. 2001; Schendel and
Robertson 2004; Bolognini et al. 2005b; van Vleet and
Robertson 2006; Cecere et al. 2014) of which were single case
studies. On a 8-point scale (representing the 8 elements on
which the articles were assessed, with 8 indicating the highest
and 0 the lowest possible score), the average total score for all
studies was 2 (SD=1.1, range 0—4). Based on the total scores,
6 studies were of moderate quality (4 studies had a total score
of 3, and 2 studies had a total score of 4) and fifteen were of
low quality (2 studies had a total score of 0, 4 studies had a
total score of 1, and 9 studies had a total score of 2). The
average score for studies on visual field defects was 2 (11
studies), on auditory deficits 2 (1 study), on somatosensory
deficits 2.5 (2 studies), and on neglect 2 (9 studies). Of the
21 studies, only a single study (Smith et al. 2008), which
included patients with hemianopia, did not report beneficial
effects of multisensory stimulation, this study was assessed
with a total score of 2.

All discussed studies included detection, localization, ex-
ploration, discrimination and/or identification outcome mea-
sures in their design. Only 3 of the 21 studies discussed (all on
hemianopia; Bolognini et al. 2005a; Passamonti et al. 2009b;
Keller and Lefin-Rank 2010) included ADL outcome mea-
sures in their design, rendering the discussed studies’ foci
mostly experimental.

Randomization and Inclusion of Control Group

Ideally, studies investigating the effect of an intervention
should have a group of patients receiving an intervention
and a control group of patients, either not receiving any inter-
vention or receiving a ‘control intervention’ (Higgins et al.
2011). Only a single study (Keller and Lefin-Rank 2010)
had incorporated a control patient group: two randomly allo-
cated groups of patients with hemianopia or quadrantanopia
received either multisensory or unisensory training. The study
demonstrated that patients benefited more from multisensory
training than unisensory training.

In all the other discussed studies, each patient participated
in at least two different conditions, namely an experimental
condition (with multisensory stimulation) and a control con-
dition (without multisensory stimulation). In this way, effects
of multisensory stimulation could be compared within pa-
tients. Twelve of twenty within-subjects design studies
(Ladavas et al. 1997; di Pellegrino and Frassinetti 2000;
Newport et al. 2001; Frassinetti et al. 2002; Schendel and
Robertson 2004; Bolognini et al. 2005b; Frassinetti et al.
2005; van Vleet and Robertson 2006; Serino et al. 2007;
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Table §

Scores of the quality assessment of the discussed studies, based on eight elements *

Study Randomization Inclusion of

Blinding of Blinding of Follow-up Group Reporting Reporting Total Quality

of intervention  control patient participants researchers size  effect time
or conditions  group sizes post-stroke
Frassinetti et al. 2005 1 0 0 0 0 0 0 0 1 low
Leo et al. 2008 0 0 0 0 0 1 0 1 2 low
Ten Brink et al. 2015 0 0 0 0 0 0 0 1 1 low
Cecere et al. 2014 0 0 0 0 0 0 0 1 1 low
Brown et al. 2008 1 0 0 0 0 0 0 1 2 low
Schendel and Robertson 1 0 0 0 0 0 0 1 2 low
2004
Smith et al. 2008 1 0 0 0 0 0 0 1 2 low
Passamonti et al. 2009a 0 0 0 0 0 0 0 1 1 low
Bolognini et al. 2005a 0 0 0 0 1 0 0 1 2 low
Passamonti et al. 2009b 0 0 0 1 1 1 0 1 4 moderate
Keller and Lefin-Rank 1 1 0 0 0 1 0 1 4 moderate
2010
Bolognini et al. 2005b 1 0 0 0 0 0 0 1 2 low
Newport et al. 2001 1 0 0 0 0 0 0 1 2 low
Serino et al. 2007 1 0 0 0 0 1 0 1 3 moderate
Calamaro et al. 1995 0 0 0 0 0 0 0 0 0 low
Soroker et al. 1995 0 0 0 0 0 0 0 0 0 low
Frassinetti et al. 2002 1 0 0 0 0 0 0 1 2 low
van Vleet and Robertson 1 0 0 1 0 0 0 1 3 moderate
2006
Ladavas et al. 1997 1 0 0 0 0 1 0 1 3 moderate
di Pellegrino and Frassinetti 1 0 0 0 0 0 0 1 low
2000
Sambo et al. 2012 1 0 0 0 0 0 1 1 3 moderate

* 0=element was dealt with insufficiently; 1 =element was dealt with sufficiently

Brown et al. 2008; Smith et al. 2008; Sambo et al. 2012)
reported that they had randomized or counterbalanced the dif-
ferent conditions, in the other studies this was not reported.

To allow for monitoring of ‘practice effects’ and verifica-
tion of improvement of performance toward normal levels, a
control group of healthy participants is very useful. Only six
of'the studies incorporated a control group of healthy subjects
(Calamaro et al. 1995; Soroker et al. 1995; Newport et al.
2001; Passamonti et al. 2009b; Serino et al. 2007; Sambo
et al. 2012) but in one study (Passamonti et al. 2009b) the
healthy control group did not receive the exact experimental
training as the patients. These studies demonstrated that the
effect of multisensory stimulation was larger in patients com-
pared to healthy controls (Newport et al. 2001; Passamonti
etal. 2009b; Sambo et al. 2012) or that patients could perform
on the level of healthy controls when multisensory informa-
tion was presented (Calamaro et al. 1995). Moreover, these
studies demonstrated that multisensory stimulation could lead
to improvements both in patients and healthy controls
(Soroker et al. 1995) or in patients and healthy controls with
a low sensory acuity only (Serino et al. 2007).

Blinding of Participants and Researchers

Only three of the twenty-one studies reported that researchers
were blinded for one important aspect (van Vleet and Robertson
2006; Passamonti et al. 2009b; Keller and Lefin-Rank 2010).
Yet, in one of these studies (Keller and Lefin-Rank 2010) not all
researchers were blinded. The two studies that dealt with
blinding of researchers sufficiently demonstrated that multisen-
sory stimulation could be beneficial in patients with hemianopia
(Passamonti et al. 2009b) or neglect (van Vleet and Robertson
2006). None of the studies reported that patients were blinded.
As a direct result of the design chosen, blinding is more difficult
when each patient is tested in all conditions and when the
difference between the conditions is clear (for example:
performing a task with or without a distinctive sound), which
was the case in most of the discussed studies.

Follow-Up

Sufficient follow-up to the examination is of great importance
to assess the effects of the intervention over a prolonged

@ Springer



88

Neuropsychol Rev (2016) 26:73-91

period of time. Only two of the twenty-one studies discussed
(Bolognini et al. 2005a; Passamonti et al. 2009b) incorporated a
follow-up in their design (with no losses-to-follow-up). They
found that patients with hemianopia could improve in visual
detection and (oculomotor) exploration in the impaired field
and in different tasks of daily life with multisensory stimulation.
These beneficial effects were stable at a one month (Bolognini
etal. 2005a) and at a one year (Passamonti et al. 2009b) follow-
up. With respect to the other studies on low-level sensory im-
pairment and neglect, no follow-up results were reported.

Group Size

Studies with small groups often have large confidence inter-
vals and are less able to detect clinically relevant effects sta-
tistically. Group sizes in the discussed studies were relatively
small. The average group size in the discussed studies was
6.36 (SD=4.81, range 1-20). The largest group had 20
patients (Ladavas et al. 1997), 9 studies (including 6 case
studies) had 1 to 5 patients, and 11 studies had 7 to 12
patients. The average group size for studies on visual field
defects was 6.7 (11 studies), on auditory deficits 1 (1 study),
on somatosensory deficits 5.5 (2 studies), on neglect 6.9
(9 studies). One of the twenty-one discussed studies (Smith
et al. 2008) did not find a difference between unisensory and
multisensory stimulation in patients with hemianopia; this
study included 5 patients.

Reporting Effect Sizes and Time Post-Stroke

An important factor that should be reported is the effect size to
determine the strength of the statistically significant results.
Yet, only 1 of the 21 studies discussed (Sambo et al. 2012)
reported effect sizes. This study found that multisensory stim-
ulation enhanced tactile detection, with an effect size (12)
ranging from 0.46 to 0.76, which is considered as a large effect
size (Cohen 1988). Another important factor that should be
mentioned is the time post-stroke onset to verify response to
treatment in different phases of recovery. Three of the studies
discussed (Frassinetti et al. 2005; Calamaro et al. 1995;
Soroker et al. 1995) did not report the time post-stroke of their
included patients. Overall, studies demonstrating beneficial
effects of multisensory stimulation included patients between
0.5 months to 32 years post stroke, effects in the early acute
phase were not reported.

Discussion
This review has attempted to assess and integrate evidence for
the effectiveness of multisensory stimulation as a possible

rehabilitation method for functional recovery for patients with
low- or higher-level sensory deficits after stroke. We
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hypothesized that multisensory stimulation has the potential
to be beneficial for these groups of patients, as information
from a normally functioning sensory modality might aid the
processing of information from the impaired sensory modali-
ty. Twenty of the twenty-one included studies demonstrated
beneficial effects of multisensory stimulation on patients with
low- and/or higher-level sensory deficits. These studies dem-
onstrated that detection, localization, exploration, discrimina-
tion, identification, and even several activities of daily living
could be enhanced by multisensory stimulation in both pa-
tients with low- and patients with higher-level sensory impair-
ments. Notwithstanding these beneficial effects, our quality
assessment classified 6 studies as being of moderate and 15
studies as being of low quality. Most studies employed a
within-subjects design with small groups and more than a
third of these studies did not report taking into account
randomization/counterbalancing of the different conditions.
In addition, none of the studies reported blinding all important
aspects, only two studies incorporated a follow-up in their
design, three studies did not report time post-stroke, and only
one study reported effect sizes. Most importantly, the
discussed studies’ foci were mostly experimental (focusing
on tasks such as signal detection or signal localization); only
three studies measured the effect of multisensory stimulation
on ADL-measures. Therefore, at present, none of the studies
on multisensory stimulation after stroke are adequate to give a
proper evaluation of the effectiveness of the method as an
intervention. We believe that now is the time to take this line
of research to the next level and set-up well-designed random-
ized controlled trials (RCTs), in which the important discussed
quality elements are taken into account and in which ADL-
measures are included, to examine the effectiveness of multi-
sensory stimulation as an intervention after stroke.

Starting Points for Future Research

Regarding the type of stimulation, a good starting point for an
RCT might be audiovisual stimulation, as most included stud-
ies (13 out of 21) focused on this type of stimulation and this
type of stimulation is well controllable. Hemianopia might
then be a suitable candidate to target first, as most studies
focused on patients with hemianopia (10 out of 21), this
impairment occurs relatively frequently after stroke, and the
implicated visual neural networks are well-documented
(e.g., Kandel et al. 2000). Yet, recent research demonstrated
that visual spatial localization can be distorted in patients
with hemianopia (Fortenbaugh et al. 2015), which can
complicate any spatial multisensory approach to rehabilita-
tion. It is therefore essential that future studies in patients
with hemianopia include appropriate baseline conditions to
measure also these distortions. In this way, future studies can
control for the influence of any comorbid (visual) disorders on
effects of multisensory stimulation. After establishing an
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effective protocol for patients with hemianopia, the effective-
ness of the protocol can be examined for other disorders as
well. Expanding collaborations between fundamental and clin-
ical researchers might ensure that potentially interesting tech-
niques can be studied in clinical populations soon after funda-
mental studies demonstrate positive effects of these techniques.

Potential Mechanisms for Rehabilitation

When considering multisensory stimulation as an interven-
tion, it is of importance to determine if improvements might
result from recovery or compensatory responses. Recovery is
the reappearance of pre-stroke function and is characterized
by restitution or repair of the functionality of damaged neural
structures (Levin et al. 2009). Compensation, on the other
hand, is the reduction of the disparity between an impaired
function and the environmental demands characterized by
activation in alternative brain areas that are not normally
activated in controls (Levin et al. 2009).

While most studies demonstrated short-term beneficial ef-
fects of multisensory stimulation, two studies (Bolognini et al.
2005a; Passamonti et al. 2009b) provided evidence that effects
of multisensory ‘training’ (of less than two weeks) can persist
for a longer period of time (up to one year). The underlying
mechanisms of these long-term effects, which are especially
interesting from a rehabilitation point of view, are not yet
established. To speculate, long-term effects might mainly re-
sult from restoration, as multisensory stimulation might re-
cruit and, in turn, strengthen residual (sensory) pathways in
the brain and thereby might restore sensory performance and
function (Jiang et al. 2015). Direct effects, on the other hand,
might mainly result from passive compensation (e.g., multi-
sensory stimuli surpassing the attention threshold, thereby
‘normalizing’ sensory performance and function), as neurobi-
ological recovery is known to require more time to complete
(Teasell and Hussein 2014). Possibly, direct effects might
mostly reflect enhanced attention to the stimulated location.
It might be especially effective to target restoration in the first
three months post-stroke, as in this period it is most likely that
neurobiological recovery will take place (Kwakkel et al. 2004;
Levin et al. 2009; Nijboer et al. 2013). Future studies should
aim at identifying an optimal timing at which multisensory
stimulation would be most effective.

Restoration of sensory performance and function might
also lead to improvements on ADL (see Bolognini et al.
2005a; Passamonti et al. 2009b; Keller and Lefin-Rank
2010). Future studies should therefore examine the effects of
restoration on cognitive (such as attention and memory) out-
come measures, and to what extent the effects of multisensory
stimulation are transferred (on the long-term). This could for
example be achieved by assessing these outcomes before and
after (with multiple follow-up measurements) multisensory
‘training’.

When considering multisensory stimulation as an interven-
tion in future research, it is also essential to determine the
optimal frequency, duration and intensity of multisensory
stimulation and which patients benefit from multisensory
stimulation and/or which brain regions need to be intact in
order to benefit from multisensory stimulation. The discussed
studies included patients mainly based on behavioral criteria
and were not consistent in reporting their etiology (e.g., hemor-
rhagic or ischemic stroke), another factor that may well co-
determine the effects of multisensory stimulation in rehabilita-
tion. Future studies would benefit from standardized tasks and
outcome measures. This could possibly contribute to establi-
shing the degree of clinical relevance for observed outcome
effects, quantified by, for example, the minimal clinically impor-
tant difference (MCID). At the moment, scientific acceptance
for the MCID is not yet achieved (Gatchel et al. 2010; King
2011). Establishing a quantification of clinical relevance would
be valuable, as effects should not only have statistical signifi-
cance, but also significance in improving the patients’ lives.

Study Limitations

A limitation of the current review might be the incomplete
retrieval of studies as the retrieval was limited to the selected
keywords and databases. The selected inclusion and exclusion
criteria resulted in inclusion of studies with a specific focus,
while excluding studies on related subjects. Most noteworthy,
this review selected studies on passive multisensory stimula-
tion in sensory recovery after stroke. Obviously, stimulating
motor recovery to prevent functional loss is very important as
well (Nudo et al. 1996). Additionally, the type of studies in-
cluded might only have been reported after a positive result.
This results in a positive publication bias, which might have
led to an underrepresentation of studies showing no beneficial
effects of multisensory stimulation. A limitation regarding the
included studies concerns the studies’ foci, which were mainly
experimental. This resulted in an insufficient score on our
quality assessment and restricts any conclusion on the clinical
relevance of multisensory stimulation. Yet, the lack of studies
focused on clinical application emphasizes the need for the
implementation of proper RCTs.

Conclusion

In conclusion, in recent years there has been a tremendous
increase in fundamental cognitive neuroscience research on
multisensory integration. In addition, a number of studies
have reported promising results of multisensory stimulation
in low-level as well as higher-level sensory impairments after
stroke. Yet, as the quality of these studies was insufficient, at
this moment it cannot be concluded that multisensory stimu-
lation can be successfully applied as an effective intervention.
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It would be a valuable next step to continue this line of
research with well-designed randomized controlled trials to
examine whether and how multisensory stimulation can
aid recovery after stroke.
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