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Abstract

Background. During post-stroke motor rehabilitation, patients often receive feedback from therapists or via rehabilitation
technologies. Research suggests that feedback may benefit motor performance, skill acquisition, and action selection.
However, there is no consensus on how extrinsic feedback should be implemented during stroke rehabilitation to best
leverage specific neurobehavioral mechanisms to optimize recovery. Objective. To identify the existing evidence and
research gaps regarding the effects of extrinsic feedback on upper extremity motor function in stroke survivors, and to
map the evidence onto neurobehavioral concepts of motor performance, motor learning, and action selection. Methods.
The MEDLINE, Psychinfo, EMBASE, and CINHAL databases were searched for relevant articles. A sequential screening
process and data extraction were performed by 2 independent reviewers, and the results were reported according to
the Preferred Reporting Items for Systematic Reviews and Meta-Analyses for Scoping Reviews guidelines. Results. A total
of 29 studies were identified that met the criteria for inclusion. Beneficial effects of feedback were reported for clinical
outcomes of rehabilitation interventions as well as motor performance, motor learning, and action selection post-stroke.
Three studies showed that the addition of rewarding elements to positive performance feedback benefited learning or
recovery. Conclusions. Extrinsic feedback has the potential to improve outcomes of stroke rehabilitation through effects
on motor performance, motor learning, or action selection. To understand how these specific neurobehavioral processes
contribute to recovery, clinical trials should include more granular behavioral measures. Rewarding feedback may be
particularly beneficial, but more research is needed regarding the specific implementation of feedback.
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Introduction which has characterized the powerful ways in which feed-
back shapes motor behavior and neural plasticity.

Work in healthy populations has shown that motor behav-
ior and neuroplasticity are shaped by multiple, distinct
mechanisms that are sensitive to specific types and parame-
ters of feedback. It has long been recognized that extrinsic
feedback about the size and direction of movement errors
can guide learners to improve their performance through
error correction.® Recent evidence has demonstrated that

Sensory feedback about the execution and results of our
actions plays an essential role in the control of movement.
Interventions that provide extrinsic feedback can improve
the performance and learning of motor skills in healthy
people, and could potentially facilitate relearning of
skilled movements following stroke.!? Virtual reality,
robotics, and motion tracking technologies are commonly
used to provide extrinsic feedback during rehabilita-
tion.>* There is a growing interest in using “gamification”
to improve outcomes of stroke rel.labl.lltatlon, in part by Institute, McGill University, Montreal, QC, Canada
promoting  engagement and motivation through feed- 2Schulich Library of Physical Sciences, Life Sciences, and Engineering,
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motor performance and learning are also influenced by
rewarding feedback and punishment in response to task suc-
cesses and failures.”® Feedback conveying information
about movement errors, rewards, and punishment each drive
distinct forms of learning and neuroplasticity.'* and are
sensitive to specific parameters of feedback including sen-
sory modality,''? timing,'>'* frequency,'>'® valence,!” and
motivational incentives.'3?° The specific characteristics of
extrinsic feedback delivered during neurorchabilitation may
therefore substantially affect its clinical benefits.

The effects of extrinsic feedback may differ for motor
performance, motor learning, and action selection, with
each component process contributing in distinct ways to
stroke rehabilitation. Effects on motor performance refer to
immediate improvements in movement execution upon the
introduction of feedback. Feedback is said to benefit motor
learning if improved performance during practice is
retained over time in the absence of continued feedback.?!
Feedback could improve motor performance, motor learn-
ing, or both during rehabilitation either by guiding stroke
survivors to correct movement errors, or by motivating an
increase in effort through reward or punishment.':??
Rewarding feedback has also been shown to increase the
retention of motor learning by improving the consolidation
of motor memories. 82324

Feedback can also influence the voluntary selection of
particular movements or movement patterns among alterna-
tives, which we refer to as action selection. Following
stroke, survivors tend to compensate for motor impairments
by adapting their action selection. Stroke survivors tend to
increase the use of their less affected upper extremity while
neglecting to use their more impaired arm and hand.?
Compensation also occurs at the level of movement kine-
matics. For example, stroke survivors tend to use trunk dis-
placement to transport their affected hand in order to
compensate for impaired shoulder and elbow function.?
These compensatory movement strategies are thought to
limit recovery by promoting the disuse of impaired move-
ments instead of their improvement through continued
practice.?® Extrinsic feedback could contribute to recovery
by encouraging survivors to improve impaired movement
patterns through practice instead of selecting alternative
(compensatory) actions.

Here, we perform a scoping review with the objective of
identifying the existing evidence and knowledge gaps
regarding the effects of extrinsic feedback on upper extrem-
ity motor function in stroke survivors. In order to identify
evidence specific to the effects of feedback, we consider
studies that included multiple conditions in which stroke
survivors performed similar motor tasks but which differed
in the feedback that was provided. We map the effects of
feedback onto distinct neurobehavioral concepts of motor
performance, motor learning, and action selection in order
to gain a more specific understanding of how

extrinsic feedback may benefit stroke rehabilitation. We
further characterize the use of extrinsic feedback according
to sensory modality, timing, frequency, valence, and moti-
vational incentives, as these factors have been shown to
influence the effects of feedback on motor behavior.
Previous reviews covering the effects of extrinsic feedback
on upper limb motor function post-stroke are more than
10years old.??’

Methods

A protocol for this review was constructed according to the
guidelines of the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) extension for scop-
ing reviews and registered through publication on the Open

Science Framework (https://doi.org/10.17605/OSF.10/
C625E).
Eligibility Criteria

We included peer-reviewed journal articles written in
English that meet the following criteria: (1) The participants
included adult stroke survivors (greater than 18years of
age). (2) The participants performed a task or therapy
involving the more affected upper extremity, which included
the provision of extrinsic feedback contingent on task suc-
cess or motor performance relative to a specific goal.
Interventions that distorted visual or proprioceptive feed-
back in order to modify the magnitude of movement errors
were not considered. We direct the reader to Israely and
Carmeli?® and Liu et al® for recent reviews specifically
covering the effects of such error augmentation and error
reduction paradigms in upper limb stroke rehabilitation. (3)
At least 2 experimental groups or conditions were tested, in
which the provision of feedback was different but partici-
pants otherwise performed equivalent interventions. (4)
Clinical or behavioral outcomes were measured regarding
motor function of the more affected upper extremity.

Information Sources and Search Strategy

A health sciences librarian developed the search strategy and
performed the literature searches in MEDLINE (Ovid), Embase
(Ovid), PsycInfo (Ovid), and CINAHL (EBSCO) on December
21, 2022. No date limit or language limit was applied. The
MEDLINE strategy was developed with input from the project
team and adapted for use in the other databases. The complete
search strategies are available in an institutional data repository:
https://doi.org/10.5683/SP3/ADFAGD.

Selection of Sources of Evidence

The search results were exported to Endnote software for
deduplication, and exported to Rayyan software for
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screening. Articles were selected for inclusion through a
sequential screening process in which 2 reviewers indepen-
dently examined first the titles and abstracts, then the full
texts of each record. All conflicts between reviewers were
resolved through discussion.

Data Charting Process

Data extraction was performed through a standardized data
charting form using Covidence software. Data extraction
for each article was performed independently by 2 review-
ers, and all discrepancies in the results were resolved
through discussion.

Data Items

The following items were extracted for each selected
study: (1) Study design and sample size; (2) participant
characteristics: age, sex, stroke type, duration, lesion
location, and cognitive and motor impairment; (3) study
intervention: motor task or therapy performed, number
of movements performed or time on task; (4) Feedback
characteristics: movement variables conveyed by feed-
back, timing (concurrent to movement, terminal, or sum-
mary), valence (feedback stimuli delivered for good
versus bad performance), sensory modality, frequency,
elements of additional motivational salience (eg, mone-
tary reward, complex audiovisual stimuli, and social
comparison); and (5) study results (mean values or dif-
ferences on upper limb motor outcomes by condition).

Synthesis of Results

Extracted data items were summarized in table format,
along with a descriptive overview of the results. The tables
and summary were organized to separately present findings
related to clinical outcomes, motor performance (immedi-
ate changes in motor function in response to feedback),
motor learning (changes in motor performance measured in
the absence of feedback following repeated practice of a
specific task), and action selection (increased use of the
affected upper extremity or decreased use of compensatory
movement patterns).

Results

The searches returned 4139 records. A total of 1799 dupli-
cates were removed. A total of 2213 records were elimi-
nated during initial screening of titles and abstracts. A total
of 127 full texts were reviewed, 97 studies were found not
to meet the inclusion criteria, leaving 30 included reports.
Two publications were grouped as a single study for

reporting as they described analyses of different outcomes
from the same dataset.’>3! Figure 1 shows the PRISMA
flowchart of the search and screening process.

Study Characteristics

We identified 15 studies with between-group designs
comparing the effects of different feedback conditions.
Thirteen of these studies were randomized controlled tri-
als (RCTs), including 5 pilot studies.?*** Eleven RCTs
involved repeated rehabilitation sessions in clinical set-
tings, while 2 tested the use of feedback from wearable
devices during daily life.>*** Two studies compared the
effects of different feedback conditions on motor learning
over multiple practice sessions, but did not measure clini-
cal outcomes and were not designated as RCTs.** The
total sample size of studies with between-group designs
ranged from N=11 to 45.

Thirteen studies used within-participants designs to
assess short-term (within a single session) changes in move-
ment outcomes under different feedback conditions.*-*® Six
of these studies were designated crossover design RTCs,
including 2 pilot studies.*->°%>7 Two studies were case
series with sample sizes of n=2 and 5.4**% One study tested
a clinical rehabilitation program under different feedback
conditions using a within-participants reversal design
involving 90 sessions.” The sample sizes of studies using
within-participants designs, excluding case series, ranged
from N=5 to 43.

Clinical Characteristics of Participants

Stroke-Induced Lesions. Two studies only included participants
with ischemic stroke,*®> 14 included participants with both
ischemic and hemorrhagic stroke,32343539-41.43:44,52,55-59 ap(
13 did not specify the type of stroke.3031:3333,36.38:42:4546:49-51.54
Twenty-two studies did not specify the vascular territory of
stroke. Studies that did describe the affected vascular territo-
ries included patients with middle cerebral artery, 43495358
anterior cerebral artery,’® anterior circulation,**° posterior
circulation,® and lacunar’**® strokes. Seven studies in-
cluded patients with both cortical and subcortical lesi
ons,3031,33:41:42:444858 and the remaining 22 studies did not
report whether lesions were cortical or subcortical. No study
investigated whether the extent, location, or type of lesions
were related to the effects of feedback.

Stroke Duration. Four studies included patients with acute
stroke (duration less than 2weeks),*374%°1 12 studies
included patients with early subacute stroke (duration
between 2weeks and 3 months),323437,38:43.48.49,51-53,55,58 1)
studies included patients with late subacute stroke (duration
between 3 and 6months),30-3237384346,51,52.5558 and 20
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Figure |. Screening and review flowchart.

studies included patients with chronic stroke (duration
greater than 6months),3031:33:35,36.38-4244.47.48,50-54.56.57.59 (Ope
study did not specify the duration of stroke.** No study ana-
lyzed whether stroke chronicity was related to outcomes.

Cognitive Impairment. Twelve studies excluded participants
with cognitive function below a threshold determined by
Mini Mental Status Examination (MMSE) or Montreal
Cognitive Assessment (MoCA) tests,323333-37:40,44,46:49,52,53,59
Thirteen studies excluded participants with aphasia,

32,35,36,40-43,45.49,51,52,58,59 and 9 studies excluded participants

with neglect. 3337444655459 Oply 2 studies included mea-
sures of cognitive function in their analysis. Cirstea et al®!
reported that greater cognitive impairment in verbal mem-
ory, planning, and mental flexibility were associated with
worse motor learning.>' This association was only present
for learning mediated by verbal feedback regarding their
upper limb movement patterns, but not learning through
visual feedback regarding movement accuracy. Quattroc-
chi et al** controlled for cognitive function by including
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cognitive test scores as covariates in their statistical analy-
ses but did not report on the effects of these variables.

Effects of Feedback

Clinical Outcomes. Nine studies reported statistically signifi-
cant effects of feedback on clinical outcome measures
(Table 1). According to the international classification of
Functioning, Disability and Health model (ICF), 8 studies
reported effects at the level of body functions and struc-
tures,32:33:36374042.43597 at the evel of activities, 3333738404359
and 3 at the level of participation .34

The types of movements performed in studies reporting
effects on clinical outcomes reflected a large range of
activities performed during rehabilitation. Movement
types included 3-dimensional reaching,3®*>* planar or
linear reaching,*®* isolated hand movements,*”*%% reach-
ing and grasping,*? single joint movements,3**** and
complex functional tasks (eg, pouring water, folding, and
combing hair).3>*> The information conveyed by feedback
generally reflected the specific goals of these varying
tasks. Feedback was contingent on movement accu-
racy, 336384359 sneed 3840414359 ranoe of motion, 33640
upper limb kinematics,*® trunk kinematics,*>*? and force
production.’’

The effect size of clinical benefits due to feedback was
inconsistent; we only identified 4 studies reporting benefits
of feedback exceeding established thresholds for minimum
clinically important differences (Table 1). However, esti-
mates of minimal clinically importance differences were
not available for several measures. The variability in the
effects of feedback is likely due to the fact that the studies
identified here were small and highly heterogeneous in their
interventions and clinical outcome measures

Performance. Five studies reported effects of feedback on
motor performance (Table 2). We defined performance
effects as immediate improvements in movement execution
upon the introduction of feedback. Unlike motor learning,
performance effects do not necessarily persist after the
removal of feedback.?' Four of the studies identified here
used crossover designs with minimal washout periods,
which should primarily measure transient effects of
feedback. 15453

Cruz et al* found that during a repetitive hand-to-mouth
movement exercise, feedback dependent on the rate and
amplitude of movements improved both of these factors,
compared to no feedback. Durham et al®' compared verbal
feedback regarding various movement features that was
formulated to induce either an internal or external focus of
attention during reaching and grasping tasks. For example,
participants were told to “think about lifting their arm up
higher” (internal) versus to “think about being higher off
the table” (external). Feedback targeting an external focus

of attention improved movement duration and measures
related to the velocity and acceleration profiles of reaching.
Rizzo et al>® found that the addition of feedback indicating
gaze position during three-dimensional (3D) reaching
improved movement accuracy, duration, and reaction time.
Secoli et al** had patients perform 3D arm movements to
track a visual target with and without visual distraction.
They found that auditory feedback dependent on tracking
error ameliorated reductions in performance due to distrac-
tion. Simonsen et al*® found that visual feedback about the
accuracy of 2D trajectory tracing improved the smoothness
and variability of movements.

Overall, the existing literature has shown that feedback
can lead to performance improvements in the speed, accu-
racy, and vigor of reaching movements, indicating that it
could potentially increase movement quality during ther-
apy. However, it isn’t clear whether the magnitude of these
improvements is of clinical importance. Notably, Cruz
et al* reported that feedback increased the rate of move-
ment repetitions by over 5 repetitions/minute, which could
translate to hundreds of additional repetitions per session.
The studies reviewed here focused almost entirely on proxi-
mal arm function during reaching; we didn’t identify any
studies showing that feedback can lead to performance
improvements other areas such as manual dexterity or the
production of effort during resistance training.

Motor Learning. Four studies reported effects of feedback on
motor learning, which we defined as improvements in task
performance through repetitive practice that were assessed
post-practice in the absence of feedback (Table 3). Three of
these studies involved extensive training of 3D reaching
movements. Maulucci and Eckhouse® tested the effects of
feedback indicating when the hand deviated from an ideal
trajectory, compared to no feedback. They found that feed-
back resulted in improved adherence to the ideal trajectory
and reduced hand oscillations. Cirstea and Levin,*® Cirstea
et al®*' found that feedback about extension of the shoulder
and elbow joints led to improvements in the range of motion
and coordination of these joints, while feedback about the
location of the hand at movement endpoint led to improved
endpoint precision. Subramanian et al*' had participants
train with feedback that depended on movement speed,
accuracy, and trunk displacement. Feedback was either
delivered in a physical environment or was coupled with
salient, gamified stimuli in virtual reality. They found that
shoulder range of motion improved only when feedback
was delivered in the virtual environment. Quattrocchi et al**
investigated the effects of feedback linked to monetary
reward and punishment, compared to neutral feedback,
when participants learned to compensate for mechanical
perturbations during 2D reaching. Both reward and punish-
ment enhanced learning, while only reward benefited the
retention of learning.



(panunuo)

1) < (gg+) ad
VRN EN

@p+) m<(0£+) ad

B3UBY> SH20[q JO ou | gg
(8€+) M <(r9+) ad

o(§'S+) < (901+) a4

33Ue(> W.Iea.10) "MOq[e Jap[Noys-|N]

I6+) M <(Lp1+) ad
B8URY 3N WS

‘pawiopiad suosiiedwod |ed1siiels oN
(sg°6-) awn
LdHN ¥(§T+) ®Pojq jo ou | g9
(S 1'7=) FWIL-LIWM ‘o(1°81+)
WOO-TVI (821 +) NOV-TVIW

4(€°5+) NOV-IVIW
*paAcadur 13y

GT1+) M <(Tt+) @

B[R Oy 98Uy
(6'p+) 3> (0T+) %

93UeYD $20|q JO ou 1 gg
(18°0+) W< (£1'1+) @
BEURP NOV-TVIA

(Is14) M <FTe+) @
P8ued [gui

(§6+) M <(@yI+) @
B3URP MW

(ro1+) m<(@yI+) ad
BIRP 1AV

paydadsun :23usfeA %001

:Aouanba.y usaunduo) Buiwi] -swed

® JO W0y aya padnpoud A|nyssaddns sem

92.104 JO UOIIERJINP pUE JUNOWe 393..3 33
J3U39yMm pa)edIpUl >DBqpPad) AI03IpNE-[ensiA

‘8au pue ‘sod :P2udJeA ‘%00 |

:Aouanbauy fleuiwaey Bulwi) Adeandde

pUE UOIIOW JO 93UR. INOGE YA DAISISWWI
-uou Ul %2eqPad) AIOIIpNE PUE [BNSIA

‘paydadsun aduajeA

pue ‘Aduanbauy ‘Buiwi] ‘uoissauoud djsel
Yaim papuodsauiod sanjuniioddo Suriods
pue soiydeus ur saueyd ‘Ajuo uonipuod
W3 U] ‘WOY pue ‘paads JuswaArow

SUOISSas ()¢ J0j uolissas

JUlW Q€ 9SO "JOSUIS 3.0} B

WO.J PRUDAI[SP SBM >2Bqpad)

‘UonIpuOd q4 U| ‘puBy Y3 U0}

S9SIDI9X3 DIUBISISA DIUOIOS| pue
J1I2Wos! pawlioyiad syueddnaey

JMT| JOAO SUOISSIS

ulw-Qg 4 :@soq ‘Buipuels jiym
ISLIM pUE ‘MOQ|9 “Jap|noys aya
BUIA[oAUl SJUBWAAOW WL Julo]

Inw paw.oiad sauedidiey

AMT] Joj pyul

407 @50 ‘IUSWUOIIAUD dwoy
ur 921A9p Supjoead uonow e 3uisn
SUOIE|NWIS [BNSIA |0J3UOD O3 puey
pUE WLJE 93 JO sauswaAow 3ulof

uo papuadap uonenwis ul 3UlI0dS - NW PUE -3|3UIS PAA|OAUI SBSIDI9XT

2AESaU ‘DA1ISOd :PoUdfBA

%001 :Aouanbaug feuiwaay Buiwi)

‘uonesuadwod ‘A>eandde ‘paads uo

Buipuadap 30U .0 A|jnyssaddns paw.iopiad

2Jam sHisel JI Sunesipul AjesJ paxiw ul
8ul103s pue >oeqpad) AJOIIpNE pUe [BNSIA

[esanau
:90UdeA {(Suondn.asul) papey (2402s
£10s4nd) %00| :Aduanbauy {(suononaisul
‘94095) [BUIWLIS) ‘(40S.IND) JUSLINDUOD
Buiwi] ¢(gy) suonaNnIsul JUIIWLIIUL
PUE ‘24005 AJBJNJJE “JOSJND [BNSIA

2AnESau :2dUdeA ‘%00 Aduanbauy
U2.44NJU0D :Sulwil] )deq JIeyd Wwouy Aeme
PSAOWI S|UN.J} USYM U031 DBQPa3} AlolIpny

uonIpuod Jad suolissas

ulw-g4 o€ :@soq "uone|ndiuew

123lqo paAjoAul awog uiol

dDIA PUE ‘ISLIM ‘MOq|o UO

pasnooy sysel [enuewiun doisjqes
JO A191JBA B 949M $9SIDI9X]

PO| J3A0 sjell 008| @s0Q :Islm
pue 3uiof 4D 3B s3UsWLAOW
uoIxa|4/uoisuaixg paieadey

M Sulnp awoy
1 JUIR.ISUOD SULIBIM 4y Q0| +
Adeasya y(g :9soQ ‘pury pa1dsye
SS9 UIBJISUOD 03 NI & SuLieam
3|Iym S9NIAIDE ployasnoy

pue Sulure.) yse3 [euonduny

129|389\

:uoisnpxg 3y g > Jomod

duo 7 < ISIWIW (@)

671 ‘(19 801 :(z€
IXBL) 1531 UONDUNY [ENUE|

Awdnseds ‘eiseyde
uoIsnPX3 6 | = ISWIW
(492) €07 (@) 9°91 N4

riseyde 229|389
:uoIsNPXT 17T = VIOW
{(W3) +¥ (ON) 1§ :AN-WA

199|30u ‘eiseydy
‘fipnsedg :uoisnpxg
*ET<ISWW *T'0S 3N-WA

ST=ISWIW 2utof

dDW ' 0| =<uolsuaix3y

(12) ssp1 @) sziz:idl
() £'1€ (#) 6'€T 199

eiseyde ‘Aipnseds

[uoIsnPXy 7 = ISIWIW

ts3u10l ISLIM pUE ‘d| ‘4D

18 (] = UoIsuax] {(412)
8'5€ ‘(W) L€ aN-WA

USWOM pue usw

179 28e

1=y

91ndeQns :dnoJs jonuod

puE 9INJE {UONEdO| 1§ 98t
paydadsun Diwsyds! w=u

pue digey.iowaH

:dnoJg yoeqpas)

USWOM pUE U3W

‘9 :a8e

gl=u

‘dnoJs jonuod

9/ 93e

J1uoJyD ‘uonedo| 9|=u
pue adA1 payadsun

:dnoJg >oeqpas)

USWOM pUE US|y

gg =33y

‘§=N

dnoag N3

‘g9 =28y

J1UoJyD ‘uonedo| ‘9=N
pue adA3 paydadsun dneisHn

JluoJyd

‘(uonenou Jeunde| USWOM PUE US|

pUE IOLI9IUE) JIWaYyds! ‘gg =33y

pue di8eyiowsH ‘0€=N

uswom _u:m uaw
‘[s8-p5] £9 23
ol=u

dnoig |oJ3uod
[6£-551 99 :o3e
ol=u

JluoJyd ‘[es3odqgns
puE [e21.402
‘paydadsun adA )

USWOM pue usw

‘gg :a8e

21n2EQNS 3¢ ol=u

pue AJJ1ea ‘paydadsun ‘dnoJ3 jonucd
uonedo| ideylioway CESIIELD

pue d1wayds| noJ3 >>eqpas)

(432) >peqpasy ou
sA (qy) >oeqpa3y
3ursedwod

Nlo NP LECR LY

(432) >ppeqpasy ou
sA (qy) >oeqpasy
Sulredwod ] Oy

‘5¢le 32 anbriusy
(ON) |o4au0d
pasueyuaun sa
(W3) uoneanow
pasueyus
YaIm >oeqpasy
Sulredwod ] Hy

10]id ‘¢l 39 39Nn4

‘(432) >peqpa9y ou
sA (qy) eqpasy
Buriedwod Apmis
|BsJIaARl -g-Y
45l 39 JowWojoD

(432) >ppeqpasy ou
sA (qy) 3Peqpasy
Sulredwod ] Hy

feele 30 AaaeD)

(432) >ppeqpasy ou
sA (qy) peqpasy
3ursedwod

1Dy 30]id *8ueg

(toeqpasy
JO $399)49 JurdIUBIS A|[B1ISIIRIS)
:s3|nsay

(9ouajea ‘Aduanbauy Buiwi ‘uondisap)
Djoeqpasq

(asop :uonduidsap)
:uonuaAJalU|

(1492142 UOISN[IXd
‘94025 9ANIUSOD pue
Jojow) :usw.redwi sulaseg

(Aad1uoaypd tuonedo)
uolisa| ‘2dA1 a50.435)
9048

(xos ‘a3e taz1s 9|dwes)
:sauedidnaey

(uisop tuoneard)
:Apnag

"SSWO02INQ [BDIUI|D) UO >DBqpaa4 JO S19947 °| d|qel

162



'so[eds 3ulods paydadsun ‘pJepueIsUOU JO BSN,

‘AIDIN PaYs!|qeIsa ue Suipaadxa sdno. usamiag sadusIaId.

*(398.83 Buiydeau Jey pue Je3U B 410q 0} PRU0IS 3[EIS g|-() LIS SIUBLLIOLIDY SUIYIEDY ‘SdY ‘(SUIRLIOP g UO 3403 00| -0 JO WNS) '€ UOISIIA 3[eds 3oedwi| 0.3 ‘0'€ SIS *(5,2[eds Bulods paepuelsuou

S01-0 & Pasn ‘e 39 ulys) 359 JojAe ] —uasqga| ‘| | [ {(sd1ewaun| g WOy paJods aJe $JLI39W SSaUyIoowWs pue paads) 3593 SuIme.p payipow ‘] qui (€ ‘XBw) Jusssassy dAIIUS0D) [B2.3UOI] ‘YO ‘(3[83s Z€-0) 3593 UoIIdUNY [BNUBW
‘14 “(spuodas ul 3593 233|dwod 03 3wi) 3583 32d 3|0y 6 ‘I HN ‘(,5'0-T'0 ‘AIDI ‘[83S 9-0) 24035 1533 UOIIUN} JOIOW JJOM ‘TYODS-LAWAA ‘(,,U0RINPaI ST-G°| ‘QIDIA ‘PUOISS(OT| XBW) B3 dduBW.IOpRd 3533 UOdUNY JOJOW
HOM ‘JIL-LAWAA (D1 T'9-§ ‘QIDIW) AdwoweuAp Aq painseaw 2.0 d1g ‘y3duas diis ‘uonow jo a3ued ‘L OY ‘(Ull/parow $320|q jo Jaquinu) 3533 $20|q pue xoq ‘1gg (pe | 1-0'| ‘AIDIA ©[BIS §-0) 2[BISqNS JUSWIAOW JO
Ayenb ‘Bo| Ayaiae Jojow ‘WOD-TVI (gs5°0 ‘AIDIW ‘@[S §-0) 3[eIsgns asn jo Junowe ‘o] ANARdE J030W ‘NOV-TVIN {(;s5T'6 ‘AIDIW ©[83S 001~ 1) X3pU] [2Y3Jeg PayIPOLy ‘|gu {(3[eds O€-0) UOIHBUIWEXS SNIBIS [BIUSW IUIW ‘TSI
(1sSTLHTH ‘QIDI ‘@e2s 99-0) 24035 ANwaaix] Joddn 4o4s|-1A3ng ‘IN-I4 (o2 1-T1 (QIDIW) @2Ua4ayip JurlIodwl A|[ed1uld WnWIUIW ‘3[eds /G-() 3593 WIB D.B3Sa. UOMIE ‘| \YYY ‘[Bl3 P3||0J3U0D PIZIWIOPUR. ‘| DY SUOIRIASIGQY

(£'6 4P) YLD < MIY

{UONU3IST (PUOW-¢ Je 98ueyd | gg
(0°9 P) YLD < MIY

Buiureny 3sod 93ueyd 1 gg

«(€9°0 HP) ¥LD < MIY

(pUOW- 7€ 33UD 3905 LIWM
T8 WIP) YLD <MIY

:uonURla. Yauow-¢ e agueyd

INWe

(60) WL <(g€) ad

‘@3ueyd 393U8) JBdU Sy

(I't=) m<(1'gs+) ad
Buiuren

350d 93ue(> 91035 2303 0°€E SIS

a8€+) M <(601+) ad
:dn Mmoo} 38 d3UeYd ] ||
o§€+) M <(01+) ad
Bujureay 3sod ddueyd J ||

(€'1+4) W <(£5+) ad

dn moj[oy 38 a3ueyd I
(r14) < (6%+) ad

(1) < (9%1) ad

(uiw) uoissas/awin se
(8°0) 12 <(T'1) 94

3adj3sod paads | qui
(1)< @1) a4

3adp3sod sssuygoows | g

2AneSaU
‘aAnisod :@dusfeA %00 :Adusnba.y
‘[eulWLIY :BulWI| "pJeM3. AleIdUOW pue
8uL102s 01 pavjul| }BqPS3) [ENSIA-OIpNE
Palyiwes 21 IpaWWI Ul 3NSDJ SISSIW pUE.
SUY :AATY 'PAY2noa Suiaq Joye Aejep

S| & yum Jeaddesip s3o8.e3 [ensIA YD

9AIESaU :90UdRA ‘papey :Adusanbauy
£3U9.44NJU0D :BUIWI| IUSWSAOW Hun.y
PJEM.JO} 01 NP JIBYD Y2 YIIM 18IUOD

Ul 30U SBA 5DBQ 33 USym pasedipul

|euis A1031pne ue ‘uonNIpuOd g4 Y3 uj

‘payadsun acuseA

pue Aduanbauy ‘Buiwi] Hisel uo Suipuadap

uonow jo s3ue. pue paads se yons

540128} Uo papuadap suonenwis palyiwes
ul y2eqpady adurwW.IOkRd Al10dIpne-[ensIA

[esanau
‘aAnIsod :adudjeA ‘%400 Aduanbauy
‘leuiwaa Buiwi] ‘1s1| 940ds ysiy uo

PXDB. SEM 3DUBWLIOWS "AdBJINddE puUE

paads JuswaAow pue paurelte s1a84ed
JO JaquInu Jo >2eqpady AI0IpNE-[eNsIA

'SUOISSas U-| G| Ps0Q
‘AjoAne.a11 padepe sem Aynoyyp
9y ‘s198.e1 Bul|e} yoed 01 USp.IO
u| Ae|dsip [ensIA B UO JosInd &

Pa|[043u0d sjuswaAow 3uiyoesd ¢

suonnadaa 0oz 03 0| SulAjoAul
8uo| uIW G§ 03 Of SUOISSIS

| 950 "IUSWIDAOW Hun.y
Bujureaasau ssauey e aaom dnoud
W1 2yl “Buiuieny yse feuonouny
pue ‘uidsesd ‘Buiydeas qg Joy

pa3eas 3|iym sasidiaxs dolsjqe ]

)M JOAO SUOISSS UIW-0E 0T
1950(] ‘SISIDI9XD JUDWIDAOW ISLIM
pue puey xa|dwod pue juiof a3uig

Ul G| YoBd SUOISSas G|

:9s0Q ‘wnpue|ndiuew e jo a|puey

2y Buipjoy 3|Iym saLio1da(enn

MOJ|0} JO s398.e3 UlRIIR 03
sjuswaAow 3uiyoead Jeueld

(4.1D) »2eqpasy

USWOM pUE usW 9ouew.opad

‘99 :a3e snsJaA (AATY)

gl=u pJemau snid

eiseydy dnoas 1o oeqpasy

:uoisnPx3 {(Y1D) 8T 21ndeqns ae| €9 :23e ERITLTTNIINE:|

‘(MIY) 87 :3SWW ‘(dLD)  Ppue ALred tpaydadsun 6l=u  Buuedwod | DY
87€ (MIY) 1'2€ :AN-WA uoRed0| DIWaYdS| dnoIEAATY g€ 39 JOWPIAA

USWOM pue uaw
{[s2-S] €9 28

g=u (41

dnoas 1L JUlRIISD Huna

eixe.de ‘eiseydy J1U0JYD {[ed1310dgnNs [zz-15]1 €9 :98e  sA (g4) >oeqpasy

:uoisnpx3 ([ge-zzl #'0€ pue [e21340d g=u  Suuedwod DY
L [e€-0T] 1'v€ a4 - 3N~ ‘adky payoadsun dnoiEgy  0)d uewRly L

USWOM pue usw

(a4) 09 :38e
sipuow 9'g| (Y.1D) yl=u (412)
syauow G| :A3d1uouyd dnoJig jonuos orqpasy ou sA
$T=> ISWIW ueaW {UONEO| LS o8¢ (g4) >eqpasy
‘eiseydy :uoisnpx3 (g4) payadsun Hiwayds) 6l=u Surredwod

$'€S ‘(ML) T8 :AN-WA pue di3eyiowsH ‘dnoJ3>peqpas) 1D ‘o le 30 Uy

USWOM pue uawl
[z2-8€] 16 o8¢
Qol=u

dnoJs [[SEEIV[en)
[89-8¢] 85 o8¢
0l =u

(432) >ppeqpasy ou
sA (qy) eqpasy
Surredwod | HYy

*dnoJs3oeqpas) 10|1d ‘gl 39 d1rodoy

21uoJyd ‘@Indeqns
92| pue A|Jed ‘uonedo)
pue 2d43 payioadsun

Ter-17 ve
LD ‘T1s-vT] S€ 94 AN~

(oeqpasy
JO $399)49 JuedIUBIS A|[BD1ISIIRIS)
:s3nsay

(9ouajea ‘Aduanbauy Buiwi ‘uondiidsap)
Hjoeqpasy

(ssop tuondidsap)
{UoIUSAIRIU|

(1493140 UOISN|IXD
‘$9.402s 9ANIUSOD pue
Jojow) :uawiredwi auljaseg

(A&ad1uoaypd uonedo)
uoisa| ‘2dA1 95j0.35)
0.5

(xas ‘o3¢ tazis a|dwes)
:sauedidnaey

(uSisap ‘uoneard)
:Apnag

(penunuod) | s|qeL

163



*PISIASI-UOIBUIWIEXD SANIUSOD §,95004qUIPPY “Y-JDV ‘1591 WIE 243534 UONIDE ‘] YV (99 Xew) 24035 ANwa.ix]
Jaddn) Jaka|-1A8n4 ‘IN-IA4 ‘UOIBUILLEXS SNIBIS [BIUSW IUIW ‘IS (D[S 95043 Y2[edH JO 23Mmasu| [BUONEN] ‘SSHIN ‘AJ91JE [24Ga.3D JOLIDIUE ‘YD ‘AJ91IE [24Ga19d 3|PPIW ‘YDA ‘B[e3S 19edw| 950418 ‘S|S :SUONEIARIqqY

‘3wl uondead Jo awn Suisopd puey

‘paads JuawaAow ul wie d1aJded aya Joy su uod
US9M13q PIAIISGO SDURIRYIP ON ‘QYVH < ASVI
S[EY [NjSS329NS JURdIg
\ID>gd
:All|1qeldeA Auoldaled |
(820 wLD<(8€9) a4

i(S) uoneinp el

1D >ad
‘Uonoensip
[eNSIA BULIN 10qO.J WOJJ 9310 SAIISISSE [EDNIDA

1D >ad

:uonJeasIp [BNSIA SUlINP JOJJ9 SuDjdRd |

#17) 2> (9%1) a4

Tww) 16153 PEsy

(wwp|g) 12 < (6€S) 94

[(wwy) spmyijdwe sped3es

(09) 422> (05) a4

{(sw) uoneanp speddes

(#09) 22> (£€£S) ad

*(sw) uoneanp yoesy

(616) 22> (98¢) a4

(Sw) 395U0 ydea. pue SpEdIES M/qQ JURIRHYIJ
(009) 472> (8sS) ad
«(sW) awi uondeay
(z8) M <(z£1) a4

Sw) ASus1E| opesdes

(%¥¥ :Pu03s 43 ‘% I+
254l 43 ‘9% L€ PUOIDS 4] ‘% LE ISy 4I) 43> 4] T IseL

‘uoneas[@9p >ead 03 swil |
(s1°7 :puodes 43 's€'g
9S4l 43 'S$°7 [PUODSS 4| ‘SST ISAY H]) 43 < TTOIsEL
:uone.INp JUSWIAO
(%97 :puodas 43 ‘%67
28Ul 43 '%/T PUOIDS 4] ‘%TT 8414 1) 43> 41 1 lseL
KI503A >ead o3 Wil |
(,8201) 12 < (,85T1) B
uwyepnidwy
(,92€1) 12 < (,S6¥1) B

iw/apmijdwe 3531400
(L¥7) < (0'08) U
(5°81) < (£'50) ¥

TIW/5IUSWBACW 155110

pawuoyiad sisAjeue [ednsnels oN

aAneau
‘aAnIsod @ousfeA ‘%00 Aduanbauy ‘eujwaey
:Buiwi) juedppued yoes Joj parewnnss
awn paainbau ay3 (ASv3) X 40 ‘(Tva) X|
(QYVH) X§°0 4aYa12 sem w3 d|qejieae ay |
"W SWI3 B UIYIM PaUIRIE SEM 19383 BY3

41 paredipul and Auoapne sAneSau Jo aAnisod v

aAnedau ‘aAnisod :adusfep ‘%00 Aduanbauy
|EUIWIR) QU.1INdU0D :Bulwi] 298183 Wo.y
3due3sip uo Suipuadap palieA oeqpasy
9Y3 JO JOJ0d DY “[BlI |DBD J9LB UMOYS
sem A10303[e.3 2413US BY3 pUB JUSWSAOW
ay3 Sulnp pake|dsip seam Jos.nd [ens.

913U :2DUSJRA (%00 Aduanbauy
9Ua.uNdu0d :Bulwi] ‘Jo.aud Suppdead syl
01 Ajjeuoniodoud pasea.uour uonnadaa
auo1 jo Aduanbauy ay| "your | papasdxa
39843 pUE 10SIND BY3 USIMID] JOLID DY}
uaym pake|d a1am sauoa Aioaipne Suneaday

[BJIN3U :9DUBRA
1900 :Aduanbauy ‘feuiwaa) :Buiwi) Aao0jRA
dnuasuyy sjead jo uiod aya 1 uonisod azes
ay3 paredipul Os[e 2eqpady [ensiA ‘QNH
-3A3 u| 3934e1 3Y3 03 BAER. Julodpud
JuawaAow 1 dinusduly aya jo uonisod aya

Bunesipul >5>eqpasy [BNSIA ‘SUCIIPUOD Y10q U]

‘[e13N3U :DOUSJBA ‘%00 |

:A>uanbauy feuiwia :Bul ‘uopuane Jo

SNJ0J [BUIIXD JO [BUIIUI JYIS 3DNPUl

03 U9sOY? S3UBWRILIS "SIFRWDUD| Julof JO

‘ssauypoows ‘Aeandde ‘paads JuswaAow
Buipaedau [el1) yoes Ua1je >oeqpasy [BQUIA

aAneSau

:92UBBA ‘9%00] :Aduanba.g us.ainduod

Buiw) a1enbapeur sem sauswaAow

JO 93eJ IO ‘PaA3IYdE J0u sem uonisod

8unJe3s 399440 o apnyjdwe JusWwLAoW
19843 JI WJB 03 PAISAISP SN|NWIS UORBIQIA

‘[eanau ‘9Anisod :9duseA {00 | :Adusanbauy

‘leuiwaa) :Buiwn (g) swes o1 paddew

JUSWSAOW PUE 31025 40 (7) JusWwaseinodus

[EqJ2A [ENSIA-OIpNE pUE 94025 40 (])
uonesuadwod pue Oy Sunesipui 31035

uonIpuod

J2d sjen paseadad jo uiwi g :@soq

's398.e3 urene 03 diug puey e

pazoanbs pue suoneso| Suikiea o3

payoead syuedidpiey "10SINd [ensia

B P3]|0J3U0D UOID[HSOXD d130GO
B Ul sjuswsAow Suiydead Jeuely

‘payidadsun sjeL Jo Jaquinu
‘suolssas g :asoq ‘Aejdsip [ensia
|eauoziioy & uo uuanied JenSueidad
® 9013 03 SjUSWAOW Sulydea.l Jeue|d
‘uofIpuod yoes uj suonnadaa
$-9 (T :9SO( "UONDEBIISIP [BNSIA
INOYIIM puE aim pauLiopiad sem
>|se3 3y “JoJdd ay3 uo Zupuadap
2dueIsIsse papiao.ad UOIB[)|sOXD
30qoJ / "398.e3 [ensIA © Y2e03 03
10S.N2 € P3)|0.3U0D s3I’ € JIPAD

‘uonipuod Jad saydea. 7g|
:950(] ‘poOp-0da. 249m suonisod
azed pue Ja8uy J1dY3 J|Iym
9|qe1 & Uo $198.1B1 [BNSIA YdNO
01 saydead ¢ apew siuedidniey

Ise3 pue uonRIpuod

Jad sayoeau 9| :@soQ (g) 9depns

pa3eAs)d ue uo el e 3uded pue ‘(7)

3|qe] & uo paemuoy tel e Sudeyd ()
el & dsesS 01 Buiydead auom syjse |

“(01-1 :98ued) ulw ¢z SuiSelane
uonIpuod Iad uoissas | :s0q
{SJUBISAOW YINOW-03-puey pareaday

uonipuod Jad syuswarow pazeada.
JO UlW g :350(] ‘sIUBWBAOW
UOISURIXD-UOIX3} MOQ|D paieaday

1seydy :uoisn|px3 g/
4-30V [¥5-97] ¥'6€ :AN-WA

‘[6€-07] €'67 :LVUV

eixeade ‘Ayonseds

29|39 :uoisn|ax3 [z

-S1] 6'ST (g xew) puey
pue 3sm BuipnPxa 3N-|Nd

20939
:uoisnPx3 HT = ISWIW
‘[99-0€] §°5S :AN-IN4

eiseydy :uoisnjoxg {(asay
43) 1°Th (544 41) 9°Sk 3N

eiseyde ‘yo-nd>

payadsun mojaq IS

wwolsnpx3 {(qh) % (432)

%€T Aouanbauy 13333 ‘(qy)
0°€ (432) §°7 :o30W SSHIN

‘le'96-T0v]
pL urewop [ea1shyd gig

a3ndeqns ag|

pue A|ieg {[eonJodqns

pue [edu0D) {(eldues

|eseq) d1Seyioway

puE (pays.aiem

PUE 'YJV VOW
:S31I0311I3) DIWBYIS|

andeqns
91e| pue Ajreg
‘uonedo| paypadsun
©18eyioway

PUE JIWaYyds|

21uody) ‘uonedo|
pue adAa payadsun

21uoJyd
pue 23ndeqns Alreg
A10314193 YD d1Wayds|

a8e1s Auy ‘uoneso|
pue adAa payadsun

21ndeqns A|1ea pue

23Ndy {AI0IIIR YD

J1uoJy) ‘uonedo|
pue ad43 paypadsun

{USWOM pue ud|
[e£-¥2] 1§ P8y
01=N

{USWOM pue ud|]
{[8£-75] ¥9 98y
‘1=N

{USWOM pue ud|]
{[2£-1€] 95 8y
F1=N

{USWIOM pue U3y
‘[82-v€] 85 P8y
€1=N

USWOM pUB U,
‘(s 43) 6§ =98y
{(asay 41) £9=28y

Tr=N

USLWIOM pUE U3\
189 =98y ‘7z=N
sJ1j uonIpuod q
1g9=93y {|7=N
511} UONIpUoS 1)

Uswom pue usw
{[29-25] 9795 o8
‘g=u

BLIDILID
souewopd (QYvH)
paey o ‘(Tvg) padueleq
‘(ASV3) Asea yum
>>eqpady Sulredwod
JuBWILIAXD J9A0SS0ID)
‘ggl® 39 IlJoWWZ

(432) >ppeqpa3y ou sA

(qy) >peqpasy Suliedwod

JusWLIPdX® J9A0SS0ID)
fe¢|® 39 UISUOWIS

(432) >drqpPa3y

ou sA (qy) >oeqpasy

Surredwod juswiiadxa
J9A0SSOUD) !, [E 32 1|0d3S

(aNH-3A3)
>peqpasy azes snid
puey snsiaA (QNH)
>]peqpasy uonisod
puey Suriedwod
Juawiiadxa saJnseaw
-pajeaday ![e 39 ozzIy

'sndoy
(43) [euJ2IXa snsuanA (4))
[eUID3UI YIIM >]DBgpPaDy
Buedwod | Hy

J9A0SSO.D) ¢ ([E 39 Weyng

(432) >ppeqpasy ou sA
(qy) >peqpasy Suliedwod
USISap I9A0SSOID

UM 1 DY {8 39 ZnaD
suonipuod
oeqpady ¢ Suliedwod
USISap I9A0SSOID
yam wwswiiedxs

‘18 39 OBJIDWED

(12rqpa3y Jo 5309)0 JuRdLIUBIS A|[dNSIEIS)
:s3|nsay

(9duayeA tAdusnba.y Buiwn tuondiiosap)
BYRL[:CCN]

(asop ‘uondisap)
{uoRUIAIRIU|

(e119310
UOISN|2X® ‘s2.10s ANIUS0D pue
Jojow) :uswiredw) suljaseg

(Aud1uoayd tuonedo|
uoisa| ‘2adAy j0.3s)
@jong

(xas a3e
zIs
o|dwes) :syuedpdiaey

(uBisap tuonean)
:Apmg

"9DUBWLIONIDY 4010} UO >DBGPa34 JO 10947 *T d|qeL

164



£(0€ :Xew) UONBUIWEXD SNILIS [BIUBW IUIW ‘IS

tuonow jo adued ‘LWOY ‘([uonouny ou] g9- 03 [[ew.iou] g :93ued) Ajuap|e a3 40 3533 ddurWIOMRd ANwaaaxe Jaddn ‘YT L (99 :Xew) 94005 ANwa.ax] Joddn JSASN-|A8N] ‘JN- |4 AI92IE [BUGDISD S|PPIW ‘YDA :SUOREIASIGQY

(o¥T+) dn mojjo4

e dnoJaSqns pjiw Ul UOISUIIXD

MoqpP ‘(€| +‘,9+) uonualal

pue 1sod e uoixaly Jap|noys
‘(,6+) 3sod 3e uondNppe Jap|noys
‘paAGIAWT IA

(o11+) dn mojoy 3e
dnoJ8qns 949A3S Ul UOISURIXD MOq|d
poRoTdWT 34

(z uoissas) NNd < MIY
(7 pue | suoissas) NIN < MIY
:uonejdepe JO uUoOnUIIRY
‘NAN<NNd ‘NIN <MY
{(}oeqpa9) ou) ¢ uoissss uoneidepy
‘NAN <NNd ‘NIN <MY
UoneIdepy

‘paads 1uswaAow
‘A>eandoe Juiodpug :pSAcIdWl Y1
*A10103e1) |BOPI 01 9dUBIBYPE
‘suone||1dso ‘Avendse Jujodpuy
poRCIAW g3
(£°€+) VdIW3L ‘uoneulpiood auiof
~131ul ‘(,£'9+) UoIXaly Jap[noys
(,9'6-+) UonONppE [eIUOZIIOY
Jap|noys ‘A11|IqelieA JuUSWSAOW
‘uoneIUBWSS ‘DI JUSWSAOW
PoRGIAWT g5}
(£°€+) VdWIL ‘uoisaud
‘paAGIAW Y]

paw.ioyiad sisAjeue [ednsnels oN

aAneSau
DAISO( :@2UB[BA %00 :Adusnbauy
‘leutwaa ] :Buiwi] ‘9402s uiod Suisea.uoul
pUE UOnEWIUE [eNSIA AQ Pa1BJIpUl OS[e
SEM $5920NS ‘A|JUO JA U] “WD G = Sem
JusWade|dsIp YunJl JI pUNOS  USOOAA,,
“JOU IO PIASIYDE SUIM BLIDILID AdeUnddE
pue paads ji punos ,zzng,, 4o 3uld,,

|esInau ‘@AneSau ‘@AnIsod :PoudjeA

‘9%00] :Aouanbaug feuiwaey Buiwi)

ts9s50] J0 suied Asersuow Sunedipul

‘10443 A10133fesy uo Suipuadap sa40ds

PaAIadaJ NNd PUe AATY ‘Ajuo uolissas

sy Sulin 19881 03 SAnE[R. Uonisod
puey 3unedipul J0sind [ensiA mes sdnous ||y

SAnedsu

122UdJeA ‘%00] :Aduanbauy “uauunduod

:Buiwi] "A10329(ed [BIPI UB WO PIIBIADP
uonisod puey ji pake|d auol Aiolipne uy

[e43N3U :9OUS[BA
‘() papey ‘()) 3uemniwaeIul :Adusnbay
¢(d>)) 3uaundu0d () [eurwa) :Buiwi |
{(d>) uoisuaaxe moq|s pue uoixs|}
J3P|NOYs INOGE XDBqPI3) [BqUIA O (43])

uoisida.d JUSWSAOW INOGE >DBQPII} [BNSIA

aane3au ‘aanisod :Aousfep

%4001 :Adousnbaug usaunduod :Buiwi )

tA10123fe) [e9p! UB pamo||o} s3[Sue Suny

pue ‘Jap|noys ‘moq|a i Suipuadap pakeld
SU03 AI03IPNE JUBUOSSIP IO JUBUOSUOD)

suolssas 7| ‘uolssas Jad
saydeas 7/ 250 “(IA) YA
SAISJaWWI-UoU Ul $133[qo Jo
(3d) se|8ue1dau pasaquinu
J9Ya19 349M dIyM s198e1 9

pJemol Sunuiod seyoess g

uoneqguniiad Yam saydead
0GE YUM UDBD ‘SUOISSIS

7 :950( ‘panunuodsIp
9JoM suonequniiad usye
pa3sa1 sem uoneadepe jo
uonusley Buiyoesd Jeueld
Surinp suonequniuad
[ed1ueyd3W Juspuadap
-A1>0J3A .10} 21esuadwiod

03 paidepe sauedidnaey

/M9 ISAO SUOISSDS
8] ‘uoissas uad saydead 7
:asoq 2ySiay Japinoys 1e
s398.83 JUaIRYIP € Ydn03

01 3ulyoeas Q¢ pJemaoq

'SUOISSDS
y-| 0| 49A0 suonnadau
0§/ 1950 ‘UOISIA INOYIIM
198423 01 uonisod Sun.eas
€ WOo.j sjuswaAow

3u

uonIpuod Jad syuswarow
T/ ®so( “198.4e1 01 uonisod
1JBIS WO SIUSWSAOW

Suiyoras Q¢ plemdog

od g paieadoy

‘eixedy
‘eiseydy :uoisnpxg {(JA)
11 “3d) 1Tk 3N

ERETEEIN]

:uoIsnPX3 T < ISWW

oS = UoIX3|} Jop|nOYS

(NNd) 9°'5% “(MIY)
8'6r ‘(NAN) 8'1% :3N-W4

eiseyde 139[39 :uoisn|dx3

()
80k ‘() 85k :3N-W4

0] = UoIsualIXa Moq|e
pue uoixa|} Jap|noys
‘[es-0€] o -aN-W4

J1uoJy) ‘[ed1340oqng

pue (jeauoy ‘YD)

|B2134070) DIwayds|
pue di3ey.LiowsH

1UoJyD {[ed1Iodgns
pue [e213.40D)
913eyioway

pue d1Wwayds|

Aiuoayd
pue ‘uonedo|

1uo4yd

pue 21ndeqns

9387 {[ednI0dgns

pue [e213.40D
payidadsun adA |

S1uouyd

pue @1ndeqns

AlJeg ‘[eonJod pue

[e212402gns ‘A1011149)
VO 21wayas)

USWOM pue usw

79 P8 9| =u SIUSWIUOIAUD (3d)
:dnoa8 A [ed1sAyd sA (3A) [enddia

09 288 9| =u ul yoeqpady Suliedwod
[dnoad3d  1DY ¢)le 39 urluBWRIQNS

USWIOM pue uswl

‘96 a8 G| =Uu *(N3IN) >2eqpa3y [esanau
dnoJsuswysiung  pue ‘(NNd) 2uawysiund
65 @8e g =u ‘(MIY) paemal
:dnoas premay Sursedwod juswiiadxe

65 @8 g =u paziwopury

‘dnoas ennaN
USWOM puE uawW
0L Pue g Usamiaq :a8e
‘g=U  (432) )oeQpPa9) OU SNSUA
:dnoigjonuod  (qy) >oeqpasy 3ulredwod
g=U  3uswiadxe paziwopue.
:dnoJ3>peqpasy -UON ‘g, 199n|nely

4,,[8 39 1y220.238nD

sadf1 >peqpasy

USWOM pUE U3 (d>)) @ouewopiad jo

(65 =98V H| =N 23pa|Mouy| SNSUDA
dnoas gy (4)) synsau jo

196=98y | =N 93pajmouy| urredwod
‘dnoI Y LY #ge®3s 1D

(432) >oBQqPa”) OU SNSUDA

(qy) >oeqpasy Surredwod
USISOP IDAOSSOID YIIM
SOLIDS 3B ‘g, 39 UBYD

USWOM pue udl
{[$9-75] 85 =28y
'§=N

(1oegpasy Jo s109y9
uedyIudis A|[ednasness) s3nsay

(duajea
Aousnbauy Buiwn ‘uondiidsep) oeqpasy

(asop
tuondlidsap) :uonuaAIIU|

(1193142 UOISN|IXD ‘$2.40DS
SAIUS0d pue Jojow)
auswredw) suleseg

(Aadoayd
‘uonedo| uoliss| adAa
9)03s) :j0.g

(xas ‘o3¢ tazis ajdwes)
:syuedpnaeq

(uSisop tuonea) Apmg

“8uluJea 4030} UO >DBGP334 JO SI1947 *€ d|qeL

165



166

Neurorehabilitation and Neural Repair 39(2)

In summary, the studies reviewed here found that feed-
back can improve learning of reaching movements both in
terms of endpoint control and in the kinematics of the
shoulder and elbow joints, depending on which aspect of
movements are conveyed by feedback. Moderate improve-
ments were reported for shoulder adduction, shoulder flex-
ion, and elbow extension due to training with feedback,
ranging from 9 to 9.6°, 6 to 13°, and 24°, respectively.3%314!
Effect sizes were unfortunately not reported for other motor
learning outcomes. Studies also found that the addition of
salient and rewarding elements to feedback can lead to
additional benefits. As was the case for motor performance,
there were no studies reporting effects of feedback on motor
learning for tasks focused on distal arm function.

Action Selection. Five studies reported effects of feedback
on action selection, which we defined as changes in the
selection of particular movements or movement patterns
(Table 4). Four studies reported that feedback resulted in
immediate and short-term reductions in the use of compen-
satory movement patterns during repetitive, simple reach-
ing tasks.**%-3657 Caj et al*® found that compensatory trunk
movements were reduced by audio-visual feedback deliv-
ered in non-immersive virtual reality, compared to a base-
line condition with no feedback. Douglass-Kirk et al>
tested the effects of musical feedback stimuli that stopped
whenever compensatory movements of the trunk, shoulder,
or scapula were detected. They found that feedback reduced
compensation compared to a control condition with no
feedback. Valdes et al’® compared the effects of visual ver-
sus haptic feedback dependent on trunk displacement. Both
types of feedback led to similar reductions in compensatory
trunk movements. Similarly, Valdes and Van der Loos®’
found that combined haptic and visual feedback reduced
trunk displacement, but that the addition of gamified scor-
ing produced no additional benefits.

Overall, the studies reviewed here found that feedback
consistently produced reductions in compensation with
large effect sizes, with group average reductions in the
duration and magnitude of compensatory movements rang-
ing between about 40% to 50%. The effects of feedback on
compensation did not depend on variations in the feedback
such as the sensory modality or the addition of gamified
scoring. Only 1 study, Fruchter et al,>? did not find reliable
reductions in compensation due to feedback. This study dif-
fered from the others in that it involved a task with more
complex cognitive and motor demands. Furthermore, feed-
back was manually controlled by a therapist, which possi-
bly resulted in delayed and imprecise feedback compared to
automated systems.

Schwerz de Lucena et al*® tested the effects of feedback
from a wearable device designed to encourage use of the
hemiparetic hand during daily life. They reported greater
increases in the amount of hand use over time in a group

receiving feedback, compared to a group wearing the device
without feedback. However, they found no differences
between groups in clinical outcomes nor hand use at a
3-month follow up assessment.

Characteristics of Feedback

Modadlity of Feedback. Sixteen studies included non-verbal
auditory feedback,32-36-38,40-43:45-48,50.54,58,59 1 8 studies included
non-verbal visual feedback’SO,S1,33,35-37,39-41,43,44,46,47,53,55-57,58
4 studies included haptic feedback,**>°%*7 and 4 studies
included verbal feedback either by therapists or automated
systems.3031463152 Only 1 study was designed to compare
the effects of feedback with similar informational content
delivered through different sensory modalities, finding that
visual and haptic feedback produced similar reductions in
compensatory movements.*°

Valence of Feedback. Nineteen studies included feedback
indicating unsuccessful task performance (negative vale
nce),32-3436.39.41-46:4849.5254-39 14 studies included feedback
indicating successful task performance (positive vale
nce),3"’38’39’41’43’44’47’48’50’52’55‘57'59 and 8 delivered perfor-
mance feedback with neutral valence, such as a point score
indicating performance that was not explicitly framed as
good or bad.3031:33:34.3844475153 Oply 1 study directly com-
pared feedback with positive versus negative valence, find-
ing that while both positive (reward) and negative
(punishment) feedback improved the acquisition of motor
learning, only positive feedback improved retention.*3

Timing of Feedback. Fifteen studies involved continuous
feedback concurrentwithmovements,30-3337:39:42.45,46,48-50,54-57
and 15 studies involved terminal feedback at the end of
movements. 3031333536 384L43444751-53,555859 One study did
not provide information about the timing of feedback.*
Only 2 studies provided information regarding the delay of
terminal feedback. Fruchter et al>? reported that the delay
was approximately 3 to 4 seconds. Widmer et al*® intention-
ally imposed a 1s delay in the control condition in order to
reduce the efficacy of feedback, as it was not possible to
eliminate performance feedback entirely in the task. No
study specifically varied the timing of feedback while con-
trolling for all other feedback characteristics.

Scheduling of Feedback. Twenty-two studies provided feed-
back, or a possibility of feedback, for every move-
ment,3233:36-38:41.43-51.53-39 Three studies provided intermittent
feedback with reducing frequency over time (faded feed-
back).3'33* Two studies provided intermittent summary
feedback regarding the amount of use of the upper extrem-
ity during daily life.>**" In 1 study, a decision tree algorithm
determined whether feedback was delivered after each
movement.”?> Two studies did not provide information
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regarding the frequency of feedback.>>*° No study specifi-
cally varied the scheduling of feedback while controlling
for other factors.

Elements of Additional Motivational Salience. Two studies
used monetary reward linked to performance feedback,***
and 1 study used monetary punishment.** Eleven studies
used gamified scoring.3*#143473739 Five studies used virtual
or augmented reality. 3640414639 Two studies delivered per-
formance feedback in the form of musical stimuli.**>° One
study used social comparison tied to performance feedback
in the form of a high score list.3® Four studies directly com-
pared feedback conditions with different elements of moti-
vational salience that were otherwise similar, including
monetary incentives,** gamified scoring,*'***” and com-
plex multisensory stimuli.*'*3 These studies found that the
addition of these motivational elements can improve both
motor learning and recovery. While the addition of simple
game scoring and virtual reality stimuli to feedback pro-
duced moderate learning-related improvements in reaching
kinematics,*' a more elaborate gamified experience coupled
with monetary reward during reaching practice produced
clinical gains well above established minimum clinically
important differences.*3

Discussion

We identified 29 studies that tested the effects of feedback
on upper limb motor outcomes in stroke. Nearly all (26/29)
of the studies reviewed here were published after previous
reviews on the topic.?>?” Most of the studies included in
these previous reviews didn’t isolate the effects of feed-
back, as they lacked control conditions in which partici-
pants performed similar activities with different feedback,
and therefore were not included in the current review.
Beneficial effects of feedback were reported across a
range of endpoints in clinical trials spanning all 3 domains
of the ICF model. These results are promising in that they
indicate that feedback may have the potential to confer ben-
efits on clinically meaningful and valid measures. However,
the mechanisms by which feedback produced benefits were
ambiguous in the majority of studies, as feedback during
rehabilitation could improve coarse clinical measures in
multiple, very different ways. For example, feedback could
improve dexterity by enhancing the consolidation of motor
skill learning between rehabilitation sessions,'®23 or it could
lead to greater peripheral muscle adaptations by motivating
increased effort during rehabilitation exercises.®® Either
mechanism could produce benefits in clinical assessments,
which are often sensitive to both dexterity and strength.®
Applications of feedback are likely to be more effective
if their design and evaluation are targeted to specific neu-
robehavioral mechanisms. We found that besides clinical
measures, the effects of feedback related to more specific

behavioral measures could be classified according to 3 dis-
tinct concepts: motor learning, performance, and action
selection. We mapped the current evidence for effects of
feedback on upper extremity function post-stroke onto these
distinct concepts in order to better understand what is cur-
rently known, and what questions remain outstanding.

Effects of Feedback on Motor Learning

The use of feedback to improve motor learning is often
cited as a fundamental principle of neurorehabilitation.>27-7
We identified 4 studies that reported effects of feedback on
motor learning. Learning improvements due to feedback
were mostly specific to the movement parameters that were
relayed by feedback (ie, endpoint accuracy,’’ shoulder and
elbow motion,** and movement trajectories****). Therefore,
the information content of feedback should be carefully
selected to convey aspects of movement that are clinically
important. Ongoing work to establish valid and responsive
metrics for quality of movement post-stroke may be infor-
mative in determining which parameters should be relayed
to patients through feedback.%%%

A key question is whether feedback-mediated motor
learning during specific tasks can generalize beyond the
training context to produce meaningful reductions in
impairment or activity limitations. Only 1 study identified
here directly tested generalization. They found that
improved movement kinematics due to feedback when
training reaches toward 1 target generalized to untrained
reaches toward a different target.’**' However, this is a
rather limited form of generalization, and its clinical signifi-
cance is unclear. Two studies tested the effects of feedback
on both motor learning and clinical outcomes. In both cases,
feedback manipulations improved motor learning, but these
improvements did not generalize to differences in clinical
measures.**!*! We recommend that future work investigat-
ing the effects of feedback on motor learning post-stroke
also includes generalization tests that approximate activities
of daily living.

Effects of Feedback on Performance

The introduction of feedback can lead to immediate
improvements in the vigor and accuracy of movements.?
We identified evidence for feedback-mediated performance
benefits on movement amplitude,®* speed,**"> accu-
racy,”>>* and smoothness.>® As was the case for motor learn-
ing, performance tended to improve on variables that were
directly related to the content of the feedback. Performance
improvements during rehabilitation may benefit long-term
outcomes. However, improvements may not persist beyond
rehabilitation if performance becomes reliant on extrinsic
feedback.!1270 Future work is needed to understand how
short-term performance gains due to feedback during stroke
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rehabilitation translate to longer-term outcomes such as
learning and recovery.

Effects of feedback on performance were mainly
reported for simple feedback indicating movement execu-
tion relative to task goals, compared to no feedback.*->3
No studies tested whether elements of motivational salience
coupled with feedback improved motor performance. It is
well established that rewarding feedback can increase
movement vigor by motivating physical effort.?>6%7!
Rewarding features such as gamification are common in
neurorchabilitation technologies, and may have the poten-
tial to promote increases in the intensity of rehabilitation,
which is a key factor for recovery.”>’® Future research
should therefore investigate whether elements of motiva-
tional salience tied to feedback can be designed to produce
sustained increases in rehabilitation intensity.

Effects of Feedback on Action Selection

Feedback could promote recovery by encouraging stroke
survivors to practice impaired movement patterns instead of
compensatory ones. The studies reviewed here show that
various types of feedback can effectively reduce the com-
pensation during reaching.*>03637 Additionally, 2 pilot
RCTs reported that feedback designed to discourage com-
pensatory trunk movements during rehabilitation improved
clinical outcomes.’>** Larger randomized controlled trials
are needed to confirm whether feedback to reduce compen-
sation during therapy can result in clinically meaningful
enhancements of recovery.

Besides feedback, physical trunk restraint has often been
used to prevent compensation during rehabilitation.”*
Although effective in preventing compensatory trunk flex-
ion, physical trunk restraint doesn’t address other forms of
compensation involving the scapula and shoulder.”*
Feedback could provide a more versatile solution as it could
in principle be targeted to any compensatory movement pat-
tern. Furthermore, the use of feedback could have lasting
benefits if reductions in compensation are retained as long-
term habits that generalize to activities of daily living.
Future research is needed to test the retention and general-
ization of feedback-mediated reductions in compensation.

Two studies involved feedback from wearable devices to
promote increased use of the affected upper extremity during
daily life. One was a pilot study that did not report any statisti-
cal analysis of its outcomes, and the other found that feedback
resulted in modest increases in hand use over time that did not
correspond to any benefits on clinical outcomes. Therefore, it
is not yet clear whether feedback can promote recovery post-
stroke by promoting increased use of the more affected limb.

Do the Characteristics of Feedback Influence
Motor Outcomes Post-Stroke?

The sensory modality, valence, timing, and scheduling of
feedback varied widely across studies. However, the het-
erogeneity in interventions and outcomes makes it diffi-
cult to draw any conclusions regarding the effects of these
feedback characteristics. Only a few studies performed
direct, controlled comparisons between different types of
feedback. The addition of monetary rewards, gamified
scoring, and complex multisensory sensory stimuli cou-
pled with positive performance feedback was shown to
benefit multiple forms of motor learning and clinical out-
comes of rehabilitation.*!>#* These findings suggest that
the well-established benefits of reward during motor
learning in healthy populations also extend to stroke sur-
vivors, and that these benefits can potentially be lever-
aged to improve the effectiveness of rehabilitation.

One study found that motor performance was improved
when verbal feedback was formulated to promote an exter-
nal, rather than an internal, focus of attention. This is in line
with extensive research indicating that motor performance
and learning is facilitated by a focus on movement out-
comes, rather than the details of movement execution.”” A
unique problem in stroke, however, is that the most efficient
way to achieve successful movement outcomes is generally
to use compensatory movement patterns that are counter-
productive to recovery in the long term.? Indeed, another
study found that patients learned to improve reach precision
when given feedback about the movement outcome, but
that quality of movement only improved through feedback
about movement execution.’**! An optimal strategy may be
to first use feedback to train the desired patterns of move-
ment execution to a high level of automaticity, so that the
focus of attention can then be shifted toward the movement
outcome.

Do Clinical Characteristics Interact With the
Effects of Feedback?

The processing of motor feedback depends on specific neu-
ral structures as well as cognitive and perceptual capacities
that may be compromised to varying degrees by
stroke.”!%778 The majority of studies excluded participants
with cognitive impairments that are common in stroke sur-
vivors, limiting the generalizability of the results. Future
work is needed to better understand how specific cognitive
impairments or patterns of brain damage might impair the
use of feedback, and how feedback can be designed to over-
come these potential barriers.
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Neural Mechanisms of Reward-Based Motor
Learning

In theories of biological reinforcement learning, the pro-
duction of rewarded behaviors is thought to be strength-
ened through neuroplasticity in the striatum and frontal
cortical areas mediated by the release of dopamine.”
Dopamine signaling is both necessary and sufficient for
various forms of motor learning and motor cortical plas-
ticity.®'” Rewards linked to good motor performance
have been shown to improve both the rate and retention of
motor learning,'32%87 possibly by affecting activity in
cortico-striatal network.?*%° Interestingly, positive perfor-
mance feedback alone may act as a form of intrinsic
reward which promotes both motor learning and neural
activation in reward processing brain regions.”?%2 Future
research should ask whether the benefits of performance
feedback and reward during stroke rehabilitation depend
on cortico-striatal networks, and whether they are
impacted by damage to these regions.”

Next Steps

Although the results reviewed here show that performance
feedback is promising as a tool to improve recovery, larger
randomized controlled trials are clearly needed. However,
we suggest that it may be too early to embark on such stud-
ies, as a systematic framework for designing feedback sys-
tems is still lacking. This reflects a general lack of clarity on
the “active ingredients” of rehabilitation. The field should
first seek to identify the mechanisms of training-induced
recovery, then ways to formulate feedback that increase the
exposure to “active ingredients” of therapy through its
effects on motor learning, performance, and action selec-
tion. Subsequently, it will be necessary to systematically
vary the characteristics of feedback in controlled studies to
determine how its effects can be optimized. Finding new
strategies to enhance the rewarding effects of performance
feedback may be particularly important.

Limitations of the Existing Evidence

The clinical trials reviewed here mostly had small sample
sizes and were highly heterogeneous in their treatment pro-
tocols and outcome measures. Conclusive evidence for
clinical benefits related to feedback during therapy will
require larger trials and/or more standardized treatment and
study protocols.

Conclusions

Feedback can affect motor performance, motor learning,
and action selection post-stroke in ways that may benefit

rehabilitation outcomes. The inclusion of more granular
behavioral measures in clinical trials could lead to a better
understanding of how these specific processes relate to the
effects of feedback on clinical endpoints. The use of salient
and rewarding stimuli coupled with positive performance
feedback may benefit motor learning and recovery post-
stroke. Otherwise, there is very limited direct evidence to
support the use of specific feedback characteristics at this
time, and more research is needed in this area.
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