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The ability to discriminate differences in tactile stimuli, such as textures, is commonly
and characteristically impaired after stroke. Assessment of tactile discrimination is cur-
rently compromised by measures that are not quantitative and standardized, do not as-
sess active touch sensibility, or are not suitable for use in clinical settings with stroke
patients. Therefore, a test that addressed these limitations was developed. The Tac-
tile Discrimination Test required subjects to discriminate differences in finely graded
plastic ridged surfaces using a three-alternative forced choice design. Test-retest reli-
ability, based on a sample of 35 stroke patients, was high (r = 0.92), and changes of
the magnitude of 27 percent spatial increase (PSI) can be detected with 95 percent
confidence, which is sufficiently accurate for clinical monitoring. A matched pairs
study of 50 stroke and 50 unimpaired subjects found that normal performance scores
were contained within the 3-46 PSI range. The conservative criterion of abnormal-
ity was defined as 46 PSI, with a zone of uncertainty from 31 to 61 PSI. The test dif-
ferentiated well impaired performance relative to normal standards. These results sup-
port the application of the Tactile Discrimination Test as a quantitative, standardized
measure appropriate for testing stroke patients in clinical settings. Key Words: Cere-
brovascular disorders&mdash;Standardized assessment&mdash;Somsatosensory&mdash;Tactile&mdash;Hand.

Discriminative sensory loss is common utter stroke

(1-3), but is uftm not detected hy routine neurologic
measures ( 3 ). For exampte, in a recent study, lW 111 and
Cboi-KBB’on (3) report thiit only three of 25 patients did-
agnosed as having (lure motor stroke based l H1 conven-

Cllionil sensory tests had intact discriminative sensation
when more quantitative measures were used. Impairment

has hccn associated with most lesion locations (3.4) and

may occur bilaterally after unilateral stroke ( 1-3). In the
very few studies that focused specifically on discrimina~
tiun of tactile stimuli, toss was found in approximarcty
50 percent of patients ( 1,3,5). In two ot these studies, the
test described in this paper ( 1) and a slightly modified
version ot this test (3) were used.

Tactile discrimination using the hand is important in

exploration ot the immediate environment and pL’rfor~
mance ot a range ot daily aCCl1’ICII.’s, such as feeling for a
coin in a pocket, touching to determine if surfaces are

tlush, judging the qualities of fabrics, holding a cup, and
manipulating eating implements. Loss of haptic tactile
discrimination is important in its own right, but also has
detrimental effects on safety (6), sexual all leisure ac-
tivities (7), spontaneous use of hands (8), motor function
(9-12), and reacquisition of skilled movements (H.,14).
Neurophysiolo~ic ilwestigations have round that grip
force varies as a function of surface texture properties
( 15,1 G) and that tactile afferent signals are integrated
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with automatic motor control to achieve functionally
adaptive actions during manipulative phases of grasping
( 17) and restraint of moving objects (18). Tactile sensi,
bility is also important in perception of surfaces brought
into contact with an implement during many skilled l1C-
tivities, e.g., use of utensils in eating and expert applica-
tion of surgical instrumcnts ( 19). Finally, hemisensory loss
has been found to contribute to inferior independent
function and longer periods of 11c1s~~ItVIIWlCWII in scB’cral
stroke outcome studies [scc Care (2) for review].

The negative impact of somatosensory loss on daily
function and rehabilitation outcome, combined with the

high prevalence of the loss, highlights the importance Of
adequately identifying and treating this impairment.
Specification of thc nature of sensory impairment that
may underlie performance l1f everyday tasks has Illlyl)1--
tant consequences for selecting the most appropriate form
of treatment and evaluating outcome. For example, after
stroke a person 11121y he observed to frequently drop oh-
jects. C11111C1MI11 may assume that this is due to motor im-
pairment. Given thc centrall role of touch sensation in
control of pinch grip and slip detection ( 15), the dis-
ability could he due tl1 impaired touch discrimination.
Functional measures alone necessarily confound sensory
phenomena with other effects (e.g., motor and cogni-
tlB’C). They need to 1W systematically supplemented with
problem-specific measures to increase sensitivity ( 20).
Also, the impact of intervention may well hc positive in
sensory terms, but may fail to demonstrate a change in
functional tests. This is hecause the quantity of sensory
improvement necessary for measurable gain in functional l
tests is at present unknown, Quantitative sensory Illl:a-
sures are needed in clinical settings to assess the IlIMk.T,Il1-
tude of change over time so that treatment effectiveness
can he objectively evaluated and scientific ~ll)Cllllllllt~l-
tion of outcome can be provided for consumers.

Review of Measures of Tactile
Discrimination

Quantitative tests of touch sensibility that may he
employed clinically are touch-pressure monofilaments
(21 ), mechanical touch-pressure aesthesiometers (22-24),
two-point discrimination tests (25,26), and point local-
ization tests (23,27). Although these tests are ~~1Ia111ClCM-
tive, they are administered statically to a passive hand.
In contrast, it is well known that tactile perception is en-
hanced when there is tangential movement between the
skin and a texture surface (28,29). Performance scores
for monofilaments and static two-point discrimination
tests do not correlate well with return of hand function

(26,30), and problems associated with application of the
stimuli have been identified (25), particutarty when used
with stroke patients (2). Although it has been recently
argued that testing with WEST-Hand monofitaments does
permit controlled force application and is ~,rmlictiB’c of
performance l1n functional tests requiring tactile discrim-
ination, the autiiors alsl1 emphasize that abnorma! touch
threshl11ds cannot he changed with re-education and that
standardi:ed rests for texture discrimination arc needed
( 31 ). Two additional tests that quantify ability of the tac-
tile system to detect a stimulus, hut are more dynamic in
nature, are the Depth Sense Aesthesiometer ( 3Z, 3 3 ) and
the automated gap-detection test (34). These rests have
the advantage of measuring tactile sensitivity thresholds
using active tinker movement, hut they are not readily
available and are not typically used with stroke patients
in clinical settings. Focus of assessment I<>llo,,<in,g central
nervous system lesions should be on how the stimulus is

perceived and interpreted, rather than on alJn<>rnial sta-

tic touch thresholds (2,3). Evaluation of discriminative
sensibilities incorporates this emphasis and has the a~l-
vantage of being more directly rotated to how we use our
somatosensory system in daily activities.

Tests of tactua) object discrimination invotve active
touch perception and are gcnci~;ill» accepted as indexes
of iiincri<inal sensibility (26,30). Available tests include
the &dquo;~v1l1herg pick-up test&dquo; ( 35) and its modified version
(36); coin identification test (37); the ~vLmu;11 Form Per,
ception Test ( 18); discrimination of spheres, rectangles,
and cylinders with quantified microgel1metric and macro-
geometric object properties (26,39); and identification of
common mutridimensiona) objects (40). Atthou~h these
tests arc functionary orientated, they require imlct,cn-
dent, Cl1n tro lied maniputative function (41), which is
often tacking in stroke patients. Also, there has been ar~
gument over whether asterel)gnl1sis is a modatity-specific
disorder or a higher pcrccptual disorder that clluld occur
when sensation is intact (42), pl1tenrilllly confounding
the measurement of tactile discrimination.

Texture discrimination tests a!so measure dynamic as-
pects of the tactile system and are t’iincti< >n;i1 1» l1rient;lted.
Lederman (28) argues that the perception of texture is a

task that can he B’Vliuly used to examine many of the lllll-
itoticlns and capabilities of the tactile system. Texture did-
mensil1ns are particularly salient in the tactile system and
are readily encoded (=~3). Tactile exploration l1ftextured
surfaces involves dynamic touch perception, which can
he achieved even by stroke patients who have limited
motor control when the surface is moved relative to the

fingerpads, Laterat motion of the skin across the textured
surface, regardtess of the mode of touch, is the invariant
feature of the texture exploratory procedure (2~,41 ). FalJ,
ric, paper, and sandpaper textures have been employed
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in some studies (44,45) and are currently used in some
clinics ( 1 ). However, these stimuli cannot be readily due-
fined and quantified in simple terms by their geomctric
characteristics (46), they frequency deteriorate with use
and are not readily reproduced and graded. Textured sur-
faces that vary in ohjcctivcly defined pllyslCall dimensions,
and arc reproducible and durable, have been developed
for laboratory Studies (47,48). These surfaces consist of
specified patterns that vary in their spatial features. Hu-
mans have the ability to discern the spatial features of an
ohject hy touch, and are particularly adept at doing so with
their fingerpads (49). Surfaces such as these therefore have
the potential to be developed for use in clinical settings
(46,49). The range of textures used to date (47,50) has
been mostly limited to determining normal sensibility and
relatively mild impairments. Yet stroke patients are also
likely to experience severe discrimination impairment and
therefore require a wider range in surfaces.

Although some of the clinical and laboratory tests of
tactile discrimination reviewed are quantitative and are

supported by some validity and reliability data, these mea-
sures are not commonly employed by clinicians when test-
ing stroke patients ( 1,2), nor are they currently available
in a format suitable for testing stroke patients. Clinicians
currently employ measures that are usually not quantita-
tive, are largely suhjective, and there is no standardized
assessment procedure or consistent method of recording
findings (2,51,52). Clinical measures have been found to
be insensitive ( 1,3) or inaccurate ( 1 ) when compared with
quantitative standardized measures, such as the test de-
scribed herein. Although clinical measures may be able to
detect gross sensory loss, they are not ahle to adequately
determine the nature and extent of loss or quantify ab-
normality, and they cannot assess magnitude of change
over time. Quantitative sensory testing is clinically im-
portant, particularly in patients who show less than very
obvious impairment and changes in impairment.

Reliability of the conventional sensory examination
is also problematic (51,52). Problems with variable forces
of stimulus application, lack of standardized procedures,
and suhjcctive interpretation of responses negatively im-
pact the retest reliability of existing clinical tests (2,51).
The extent of agreement between assessors has also been
found to be poor when clinically testing stroke patients
(53-55), even in studies that use standardized test pro-
cedures (51 ).

Normative guidelines are particularly important fol,
lowing stroke, given the potential for ipsilateral su-

matosensory impairment in addition to the acknowledged
contralateral deficit (3,56,57). The presence of an &dquo;Lin-

affected&dquo; ipsilateral side cannot be assumed or used as a
standard of normality in assessment. Rather, normative
standards are required to interpret test scores of both the

contralateral and the ipsilateral hand mf brain-injured
subjects. These norms need to hc age-appropriate for the
typically older stroke population so that an individuals
score can be interpreted in the context of what might
be realistically expected for healthy subjects of similar
age. This is particularly important given evidence of dc-
creased sensitivity with advancing age (58). Despite the
importance of such normative guidelines, routine clini-
cal measures do not typically provide this data. The abil-
ity to accurately define tactile impairment and determine
the effectiveness c)f somatosensory retraining pwgrams
is therefore currently compromised.

The present study aimed to develop a quantitative,
standardized, and reliable measure of tactile discrimina-
tion that could be used with stroke patients in clinical
and research settings. Texture discrimination was selected
hecause this ability is important for daily functions, it

samples dynamic touch perception, it is representative of
the discriminative sensory loss cummullly experienced
after stroke, and it is an important outcome l)t training,
given evidence of task-specific training effects (59). Plas-
tic gratings, originally developed by Darian-Smith and
Oke (47), were chosen as suitable texture surfaces he-
cause they were objectively and precisely defined by their
physical characteristics; quantitative; fincly graded;
durable and nunahrosivTe; readily reproducible with pre-
cision ; could be tactually explored under both voluntary
and guided conditions; and, with modification, were po-
tentially suited to clinical assessment of stroke patients.
Moreover, the psychometric basis for the surfaces had
been well established in neurophysiologic studies with
monkeys (47) and psychophysical studies with humans
(50). Normative guidelines needed to he established in
an age-matched sample to permit adequate interpreta-
tion of test scores for the typically older stroke popub,
tion. Investigation of the capacity of the test to reliably
monitor progress over time, and to discriminate between

impaired and unimpaired performance, was also required.

Experiment 1: Reliability Study

Method

SUBJECTS
Thirty-five adult stroke patients presenting with a

range of somatosensory discrimination skills (normal
ability; mild, moderate, and severe impairment), as
screened clinically and confirmed with the Tactile Dis-
crimination Test (TDT), were included. Each subject
gave voluntary informed consent. Subjects were required
to he medically stahle; have adequate comprehension

 at PENNSYLVANIA STATE UNIV on September 16, 2016nnr.sagepub.comDownloaded from 

http://nnr.sagepub.com/


222

Figure 1. Texture gratings em~lll1YL’d in Tactile ,

Discriminauon T~st. A: Magnified cross-sechon of 
’

sample of gratings showing spatial period in mi- .

croiiicters. 13: Example texture plate (largest sur- 
’ 

’

face differences) comprising six triplet set, of sur-
faces (from Carey et al. [59]). B

of instructions for assessment; he assessed as free of 11111-
latcral spatial neglect using clinical ohSCrvation and stan-
dard neuropsychological tests [sh,1pe cancellation (60),
line bisection (61), and tactile ma:e (62) assessments],
and have no peripheral neuropathy. Subjects who met
these criteria were selected sequentially as they pre-
sented. During Sclcctiun the range of variation in scores
on the T1~T was checked to ensure that thc full range
of texture discrimination skills were ;anijJlcd. This range
was achieved naturally within thc Scqucntial selection
process. The sample had a mean age of 54 years, rang-
ing from 21 to 79 years ( 13 3 years, S1~). Twmty-ci~;ht Suh-
jects were mate and seven were f~Illlll. The right hand
was affected in 14 subjects Mnll thc left in 21 subjects.
Limb position sense was also tested in these subjects
using a new quantitative measure (63).

APPARATUS
The TDT sampled tactile discrimination ability ~ic-

cording to performance on a range of textured Surfaces.
Thc test employed finely graded plastic Surfaces marked
hy ridges at set spatial intervals (Figure 1, panel A). Sur-

faces were produced using it photographic technique that
illB’l1ked expusing a pulY,lInide sheet to ultraB’iolet light
through it preparcLJ negafiB’e. Fifteen surfaces with spatial
intcrvals r,ln~in~ front 1500 pm (micromerer) to 3000 Elm
were produced, 11ruB’iding %N,i,-Icr range uf surfaces than
preB’iuusly availahle, Ridge~gnH)B’e ratiu was cunst,mt.
The 3000 Elm surface was taken tu represent; a value near

C11C ll.ltllr~ll u~~~~cr limit in the dimension uf tcxture r<iiigh,
ness, ~ivrn evidence of dechne uf perceiB’ed roughness
fur sE~nti,ll interv.its greater than 3200 urn (64). The ! 1500
pin inrerval is to pnwide (l surface in which

roughness percepnon depends <in sparm) mur;tl coding
mechanisms and produces thc hesr 11ll1tch fopsy-

chophysicai data (65). Differences inspatiat period of sur-
faces ranged frou 50 urn to t,500 mill,

Gratings Bvcrc designed to he presented in sets of three,
with two surfaces identical and one different (Figure 1,
panel B). As suggested by Weber’s law (66), differences in
any given set were defined relative to the l1nchur 1500 EI111
stimulus, which appeared in each set. Differences in surface
characteristics were expressed as a percentage difference
in the spêlti,11 periods and varied from 3.~ 1 t<> I QQ percent
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sparii11 increase (PSI). For example, a set cunraining rwm >
1 5&dquo;Q pill srititnti ,1Ild l1ne 1 SQQ pill srimutus rcprcscnrcd ;1

3.33 PSI difference

The 3.33 1,~1 was selected as a difference th;1t can just
hc discriminated hy neunl1l1gicdly unimpaired suhjccts
(50). Arrannemenf of surfaces within set was random-
i:ed with respect to position of odd surface. whcthcr it

was 1-()LI&dquo;IICI’ llr sti’mnrtier, anll hy how much. l~russ,
medium, and fine J ii’icrcncc; herween surfaces were pro’
B’ÏLled in threc perspex ptares. Each phre housed six triplet
sets, with Sllme m~crl;y, of ~llsel’1111111;IC1t111 Imuls. Thu gnlss
plate (Figure l, p;mL’1 R) cllmprised comparison surfaces
(rclativc to the 1 SQQ pm sC~~n~lnr~l) or 3l~OO urn to 2000
pm, in 200 pm 111Wrv;ll~. ~:mnlf,.lriwn surfaces for thc
medium texture plate ranged from 220(~ um to !700 Elm
1n ll~O pm seeps and, for the fine ptafe. ranged from 1 ROO
pm tll 1 55Q pm, in 5Q pm increments. Texrure IlLItes slid
into the perspex frame of the appararus to expose one Set
of surfaces hr racruat exploration (Figure 2). PL1te~ were
readily III ¡sit il ¡nell ;l!1ll hL’kl in pLICL’ 1)~, ;1 .Ic-
B-icc. A curLlin l Bccludell suhjL’ct~’ B’¡sil )(1,

PROCEDURE

E 11lowin,L: ~r;l!1d;lrd insrrucrion, whj~cts were required
to t~iCtLl’,111)’ L’xpll 1rl’ the ~r,ltin~s with their prdáred finger.
Five trit,let sets splllming the riiiige ot textures (compiri-
son gratings 1550 urn, 1700 pm, 2100 pm, 2600 pm, and
3000 pm) were eac)-) iii-esciitc,.l 10 times in a predetermined

random order. Free exploration B1f surfaces and repetition
were alll1wed. It active ringer movement was restricted, the
examiner supported the weight of the hand, attowed the
preferred ringer to rest in ;iii extended position, and, hy
iii<i;in,g the hand as a unit. guided the finder across the sur-
faces. The ringer was supported only from the side, mini-
mizing application of external downward pressure on rex,
tures. In these cases, the examiner attempted to maintain
a consistent speed and pressure. Subjects were then re-
quired to indicate which texture was different hy point-
ing to or stating the position ot the odd texture in each set,
according to the forced choice paradigm (66) (Figure 2).
No feedback about responses was given during assessment.
Testing took 15 to 30 minutes, depending on the subject’s
physical and cognitive ahilities, and was conducted within
the subjects concentration span. Rests were provided as
required. Responses were recorded as correct or incorrect
tor each triplet. Probabitity of correct response for each
level of stimulus difference was calculated and ~t;1B1dan:l~
i~c~3 using the cumulative normal function ( 50,C17 ). To cal,
cularc the discrimination limcn, a straight line was fitted
to at,llmlor~li=ml wllum using the methl1d B1f least suuares
(67), The discrimination limen was the PSI B’é:1Iue c<>rre,

sponding to a 0.67 probabihry of correct response. This
method took into account the chance probabitity l1f suc-
cess for each or the stimuli presented.

The hand contrataterat to the lesiB1n site. identified

by cl1mputL,d tl Hl1o,graph ic scan and medicat history (the
&dquo;affected hand&dquo; in dinicalohsen.;ltilH1), was tested on
thrcc separate sessions using the TDT apparatus and stan-
lbrll procedures described prcB’iB1usly. Although retest re,

Figure 2. Tictile nlsCrtIlllll:lCltlll

Test: apparatus and 1,)I,(Ice-
tliirc tfn 1m c;irL~>. et ill. ~~~)~).
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liability is typically conducted over two sessions (68),
three sessions were employed to permit separate investi-
gation of the error of measurement potentially associated
with lack of test familiarity at first assessment. Sessions
were usually spaced 24 hours ai~art, hut this interval ranged
from 24 hours to 72 hours, depending on subject avail-
ability and weekends. This variation seemed acceptable
in the context of the temporal course of the condition.
The initial test was conducted at least 3 weeks pust-stroke
to minimize possible influence of early rapid recovery. Po-
tcntinl fatigue associated with testing was minimi:ed by
providing rest periods of a few minutes throughout the test
sessions. Testing was conducted in a quiet room at ap-
proximately the same time of day for each subject. All data
were collected by one examiner, the first author. Proce,
durcs followed conformed to guidelines of the National
Health and Medical Research Council on human exper-
imentation and were in accordance with the ethical stan-
dards of La Trobe University Ethics Committee and the
ethics Cl1mmirrees of participating hospitals.

Data A7ialvsis

Test-retest reliability coefficients (68) were calcu-
lated separately for sessions 1 versus 2 and sessions 2 ver-
sus 3 to allow for the possibility of serial adaption. Stan-
dard errors of measurement (SEM) and 95 percent
confidence intervals for estimating a single value (68) and
fur eSC1111~1ClIlg cll~lllge ln B’allll:~ fr()nl uW S(_’S51u11 Cu an-for estimating change in values from one session to an-
other (67) were calculated to obtain metric indexes of
combined random and systematic error. The test-retest
regression was examined for deviations from the expected
slope and intercept parameters of one and zero (69) to in-
vestigate systematic errors. Scarrergrams around the lines
of best fit were also examined for linearity and uniformity
in deviations from the regression line.

Results

High reliability coefficients (r = 0.92) were obtained
for both sets of sessions. The standard error of measurement
was estimated to he 9.2 PSI when using sessions I and 2
and 8.9 PSI when using sessions 2 and 3. The corre-

sponding two-tailed 95 percent confidence intervals for es-
timated true scores (Xr) were X, 18.7 PSI and X, 18.1 I
PSI. One-tailed intervals were X, ± 15.6 PSI and ± 15.1 I
PSI. In addition, a reduction in the error of measurement
can be achieved by repeating the test and averaging the
scores. This reduction can be mathematically predicted
from the reliability coefficient and number of tests taken
(68, p. 211) as reported in Table 1.

The SEM for estimating change in values from ses-
sions I to 2 was 13.4 PSI and from sessions 2 to 3, 12.7 7
PSI. Mean changes in scores were -2.85 PSI and
+0.92 PSI respectively, which were not significantly
different from zero. Based on these systematic and ran-
dom error components, the two-tailed 95 percent con-
fidence interval for estimating a change across sessions
1 and 2 was +24.4 PSI to -30.1 PSI. Across sessions 2
and 3 the corresponding interval ranged from +26.6
PSI to -24.8 PSI.

Scattergrams (Figure 3) showed that the full range
of PSI values were represented, although a low density
of scores was evident at 75-95 PSI, and suggested the lin-
ear model was adequate. However, there did appear to he
variation in scatter of scores at different values. Ap-
proiimately one-third of subjects demonstrated tactile
discrimination limens at the ceiling 100 PSI level (inli-
cated hy the number uf arms on the sunflower in the
graphs). These limens were reproduced very accurately.
A wider scatter was evident for lmver scores, although
only three or four points demonstrated substantial vari-
ation in catch scattergram. This indicated a larger SEM
for these lower values. Nevertheless, even at these lower
values, average deviation of scores from the line of best
fit was calculated to he only 10 PSI.

Inspection of slopes and intercepts suggested no
major differences from expected models (Figure 3). This
was confirmed by statistical analysis of the regression hc-
tween sessions 2 and 3. Significant differences from cx-
pected slope and intercept occurred in the regression of
sessions 1 and 2 (slopes: t( 3 3 ) = 2.31,/) < .05; intercepts:
t(33) = 2.66, p < .02). These differences in slope and in-
tercept appear to hc primarily influenced by data at the
lower end of the scale, coupled with the anchoring ef-
fect of the 100 PSI values. No statistically significant clif-
ferences were found hy t tests of means from sessions 1,
2, and 3.

Table 1. Iiulicthilit~~ ctllcl ~tcillclrtTCl E7TO1’ of Mmsnrmhl~t (~Hvl) J
Associateci tuith Rel)etited Testin~r on tile

Tactile U15L1’ll)1I)lClt1U11 Test
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Figure 3. Tust-rmst rcli;1hilit)’ watt~r~;rams.

Experiment 2: Normative-Discriminative
Study

Method

SUBJECTS
Fifty stroke patients who met the selection criteria

outlined for the reliahility study were siiiiiple,,]. This group
was heterogeneous nnd included subjects with and with-
out sumatosensory loss, as suggested hy clinical exanti-
nation. All patients who met selection criteria and agreed
to participate were included. Ages ranged from 21 tu 79
years (52 years, mean; 12.6 years, SD). Thirty-four males
and 16 females were tested. Six subjects were lcft-hand

dominant: and six had inconsistent right or left hand pref-
crences, according to the Annett (70) questionnaire.
Subjects were categorized into 5-year age subgroups.

A normative sample comprising 50 subjects with-
out any history of neurotonic dysfunction or impairment
of sensibility in the upper 111111,a was also selected. Each
subject was individually matched with j ;1 subject in the
stroke group according to age (within 5-year categories)
and sex. Ages ranged from 23 to 77 years (52 years, mean;
13 years, 5D). Similar to the stroke group. 34 mates and
16 females were tested. Five subjects were left-handel
and three were identified as having an inconsistent pref-
erence (70). The sampte was the same as that inBmlBwl
in the normative-discriminative study of a new qUill1ti,
tative measure of 11111h position sense (63) and included
33 subjects from the reliability study.

APPARATUS AND PROCEDURE
Each subject was tested hilaterally with the TDT de-

scribed previously. In the stroke sample, ?3 subjects were
tested with the &dquo;unaffected&dquo; hand first, whereas the re-
maining 25 were tested with the affected hand first. Clas-
sificatiun of affected and &dquo;unaffected&dquo; hands was based
on clinical symptoms and diagnostic investigations of site
of lesion (e.g., computed tomographic scan), obtained 1
from the medical history of all stroke subjects included
in the study. Although some impairment may atso be ex~
perienced on the side il-)sll~iter~il to the lesion ( 3,~)7), the
common terminology of &dquo;unaffected&dquo; hand will he

adopted to distinguish between the two upper limbs. Data
for the dominant and nondominant hands of unimpaired
subjects were also collected in counterbatanced order.

. Data Analvsis .

Distribution properties of data from dominant and
nondominanf hands Of unimpaired subjects and affected
and &dquo;unaffected&dquo; hands of stroke subjects were examined
with histograms. Criteria of abnormahty, defined as the
95th and 100th prrcentiles of the distribution for unim-
paired normal sample, were determined and confirmed
with reference to stroke distributions. A :one of unccr-

tainty around these criterion values was constructed using
the average one-tailed confidence interval obtained from
the reliabitity study. The one-taited interval was used as
unidirectional decisions are likely to be more frequently
employed, Differentiation of impaired and unimpaired
performance was also investigated by comparing: the all-
fected hand of stroke subjects with the comparable hand
of unimpaired subjects, the &dquo;unaffected&dquo; stroke hand and
matched subject’s unimpaired hand; and the affected and
&dquo;unaffected&dquo; hands of stroke subjects. If the affected hand
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of the stroke patient was the dominant hand, then the
dominant hand of the matched unimpaired subject was
selected as the comparable hand for analysis. Differences
between stroke and unimpaired subjects and between the
dominant and nondominant hands Ot the unimpaired
normal sample were investigated with the Wilcoxon
matched’pairs signed-rank nonparametric statistic, as
paired difference scores appeared not normally uistrih-
uted. Age-related differences in performance were inves-
tigated using analysis of variance.

Realc(ts

Frequency distributions for unimpaired subjects are
presented in Figure 4. Mean score for the dominant hand
was 19 PSl 11 PSI, SD) and 17 I PSI for the nondominant
hand (12 PSI, SD). The criterion of abnormality was con-
servatively placed at the 100th percentile value, 46 PSI.
The 95th percentile criterion of abnormality was 34.5 PSI
for the dominant hand, 37.7 PSI for the nondominant
hand. and 37.3 PSI for the combined distributions. The
one-tailed 95 percent confidence interval for estimating
an individual score (15 PSI, obtained from the reliabil-
ity study) yielded n rone of uncertainty of 30 PSI around
the criterion of abnormality. Factors that could poten-
tially influence performance of normal subjects, such as
hand dominance and age, did not demonstrate stntisti-

cally significant effects.
Comparison of discrimination limens obtained for

the affected hand of stroke suhjects and the corresponding
hand of matched healthy volunteers (Figure 5, panels A and
IO) clearly indicated presence of impainnent after stroke (L»,
- - 5.5, p < .1.~01 ). In fact, the distribution was skewed in
the stroke sample and the modal value was the nlaximum
scale value, 100 PSI (Figure 5, panel A). In contrast, the
distribution for the corresponding hand of the unimpaired
sample showed opposite skew, with tied modal values in the
0-5 PSI and 20-25 PSI class intervals (Figurc 5, panel B).
The subgroup of stroke patients with affected hands classi,
fined as unimpaired had scores spread across the full normal
range. The mean for this unimpaired subgroup of scores was
21 PSI (12 PSI, SD). The mean of the matched sample of
neurologically unimpaired subjects was 18 PSI ( 12 PSI,
SD). Discrimination limens for the apparently unaffected
hand were also clearly differentiated from those of the cor-
responding hand of the matched unimpaired sample, as
demonstrated visually (Figure 5, panels C & D) and con-
firmed statistically, using a one-tailed level of probability
(z,,, = - 3.5, p < .001 ). Distribution properties of the af
fected and &dquo;unaffected&dquo; hands of the stroke sample were also
different (Figure 5, panels A & C) and confirmed statisti-
cally (z&dquo;. _ -4.9, p < .001).

Figure 4. Frequency Ji~rrihurhuit’t tcxtiirc di.scrmiinati~n li-

I111I1~ fi,r ~lomin,~nt ~u~~l Ill,II~IW I))lll:lllt Im~ls h murmlut;ic,)II~,
un i 111[1;1 i rL’d ~; IInplc.

Discussion

This stuLly deB11l1l1str;ltL’s ;1 fUIlCtillIl;dly l1ricnLlteLI
test of tactile discrimination with several advantages over
existing clinical assessments, including quantitative scale,
standardized scores, reliahility and ahility to discriminate
presence of impairment. Support for the TDT as a valid
measure of tactile discrimination has been provided hy
psychophysica) and neurophysiologic studies that cin,
ptoyed similor stimuli, dynamic methods l1f L’xpll1ratiun,
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Figure ~. Frmpuuny ~liaril,uri~,o ~,f tuxturu dimrin~inati~m Iltllv fmr atf~ctml :~n~l &dquo;un:~fFmrml&dquo; h:~n~l~ of vCn~l;O ,allllf,l~ :uml
corresp<intliiig li;intl, <>I nc«r<il<iyic;<11,’ 1<iiiiiiji;iiit.tl ,;iiiij?lc.

and the tnrrml-chuicc design. The discrimination fLIlIC-
ti<in <ibt;iincd in psychophysical studies with unitupaired
subjects was typica) Of the classical psychutnen’ic func-
tiun (50). Also, the dehned sE~atial fcaturc of the texture
gratings has demonstrated a unique representation within
the discharge patterns of the activated Reputation or cu-
taneous mechanoreceptive tihers in the munkey’s rinner
pad, implicating this feature ;IS one that is coded in the

sunlcltusensury system (47). As Sathian and Zm~;ala~l~c
(71) state, &dquo;gratinys ... are members of a class of stimuli

whose use in correlated psychuphysical and neurophysi-
t>logic studies have greatly enhanced our understanding
of the neural basis of tactilc perception (p. 1464).&dquo; In-
tluence uf ~l)CeIlCla111~- conkiunding factors such as mem-
ory, comprehension, movement controt, and fatigue are
minimized by design features including repeated expll1~
ration, step 1,~~ step instruction and demonstration, guided
movement, frequent rests, and stratified presentation of
surfaces. The stimuli are objectively defined, graded.
a111~WV small scale changes and the physical dimensions
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of the surfaces range from the smallest differences that
can be discriminated by unimpaired subjects (50) to the
largest ridged surface that might still he perceived as a
rough surface (64). Although testing typically takes 15 to
20 minutes, this degree of sampling is required to ade-
quately assess an individual’s tactile perception across the
range of surfaces. Further test development that includes
using the device as a screening tool and reducing test time
is currently being conducted.

The temporal stability of the measure was indicated
by high test-retest reliability coefficients. Reliability
scores were within recommended ranges (68,72), while
still achicving high resolution. More important, error of
measurement appears adequate for clinical monitoring.
The SEM in estimating an individual score, 9 PSI, is suh-
stalntially less than the often severe impairments observed
(i.e., 100 PSI) and represents only 9 percent of the total
TDT scale. In addition, the SEM for estimating a change
from one session to another was 13 PSI, which is suffi-

ciently small to clearly detect changes in a large t~rup«r-
tion of patients. For example, to evaluate an individu<ll’s
progress in tactile discrimination (when tested by the
same therapist over time), the magnitude of change re-
quired to conclude an improvement in discrimination
ability from test one to test two (with 95 percent clmfi,
dence) would be a reduction in the discrimination limen
of 30 PSI or more. Intervention studies conducted inli-
cate a scope for improvements of the order of 30-90 PSI
(59), suggesting that the measure is sufficiently reliable
for clinical monitoring. The stability of the measures has
also been demonstrated under repeated test conditions
(over 10 to 20 test sessions) in the baseline data of in-
terrupted time series experiments (59).

High reliability coefficients obtained for the TDT (r
= 0.92) compare favourably with reliability estimates for
other measures of tactile ability tested at the hand with
stroke patients (51). For example, Lincoln and co,wm-k,
ers (51) reported retest reliability values ranging from
-0.21, for two-point discrimination at the palm, to 0.83,
for detection of light touch at the hand. Reliability val-
ues for two-point discrimination at the fingertip and tac-
tile localization at the hand were also relatively low, i.e.,
0.57 and 0.40, respectively, whereas the value for stere-
ognosis was higher, 0.74. These values obtained by Lin-
coln and associates (51) are based on a low-resolution,
three-point categorical scale of clinical measurement. In
comparison, the TDT provides a continuous scale yet still l
achieved high reliability estimates. In addition, the
method of testing sensation investigated by Lincoln and
associates (51) was more detailed and standardized than
most clinical testing of sensation, suggesting that the re-
liability of the conventional sensory examination may hc
even poorer (52). Although Lincoln and associates (51 )

found relatively good consistency over time on some items
when tested by the same therapist, the reliability between
assessors was poor for most items, as has also been found
in other studies with stroke patients (53-55).

Potential differences in reliability of higher and
lwver scores were revealed for the TDT. The error of mea-
surement associated with the 100 PSI ceiling Ievel was
extremely low, reinforcing the certainty Bvith which de-
tection of an inability to discriminate textures can be
made. However, lwver in the scale the error of measure-
ment was greater ( 1 1.4 PSI). Even allowing for this
slightly larger estimate (cf. 9 PSI), the error is adequate
for identification of impairment and detection of changes
of clinically significant magnitude. Although there may
be some reservation required for identification of IlWr-
ginal degrees of impairment, moderate to severe levels
of abnormality would he confidently identified and Illllll-
itored over time. If more precise measurement is required,
marked reductions in error scores can be achieved with

repeated testing, as demonstrated in Table 1. Averaging
test scores may he particularly useful when scores around
the criterion of abnormality are obtained. It should also
be noted that one limitation imposed by the threshold
approach is the natural ceiling effect in subjects who have
severe impairment. This has led to a recent modifica-
tion of the TDT which involves a stimulus matching pro-
cedure and matching sets of the plastic surface grids
(2,73). The modified procedure reduces testing time, sllll-
plifies scoring, and provides better resolution when suh-
jects have severe impairment (2,73).

Performance scores did not appear to be systematic-
cally influenced by level of familiarity with the tests or
amount of practice on them. Although a significant dif-
ference was demonstrated between actual and expected
slope and intercept values between sessions I and 2, the
nature of this change was not consistent with a practice
effect on the test. Some subjects who had a low discrim-
ination limen on session 1 showed a higher limen (ie.
poorer performance) at session 2. This effect may be
partly due to the increased probability of scores near zero
to shift above rather than below zero, given truncation
of the scale at zero and a tendency for regression of data
to the mean (68). In addition, as there is a natural ceil-

ing effect at 100 PSI, it is not possible to determine if
there is a similar trend at this end of the scale. Despite
this mathematical explanation, it is important to note
that the variable scores at the lower end of the scale were
contained within the range of normal performance (up
to 46 PSI, as reported in the normative study). Further-
more, scores did not continue to systematically vary in
this way between sessions 2 and 3. Although it appears
that scores With low discrimination limens are most likely
to vary in session 1, these scores are within normal val-
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ues and may not require retesting. If retesting is required,
it would he preferable to repeat the initial test to pro-
vide a more stable estimate or performance at that point
in time.

The TDT’s demonstrated ahility to identify impaired
performance relative to normal standards supports its ~11W
criminative validity. The affected hands of stroke subjects
demonstrated more frequent and severe impairment than
the &dquo;unaffected&dquo; hands, as expected from the typical
stroke syndrome (4). In addition, impairment in the &dquo;un-
affected&dquo; hand is consistent with findings that sensory dis-
turbances oftcn occur bilaterally (3,57). Psychophysical
and neurophysiologic investigations (47,50) rclated to
the stimuli and methods of testing employed in the TDT
also provided tlicoreticil support for the tests being wlli~l
measures of tactile discrimination ability. Thus these fac,
tors provide converging support for the conctusion that
the TDT can vahdty differentiate impaired tactile ~1i5-
crimination performance following stroke.

Objectively defined guidelines for interpretation
were also provided hy the normative study. This is par-

ticularly important given the potential tor impairment in
the &dquo;unaffected&dquo; limb (3,57) and the common clinical
practice of using this limb as a point of reference. A con-
servative criterion of abnormality, that included all scores
from the nnrm,11 sampte, was found at 46 PSI. In addi-
tion, a zone l7t uncertainty around the abnormality cri,
tcrion was established at 31-61 l PSI. Although the zone
of uncertainty spans 30 PSI, impaired scores were clearly
identified above the ranges indicated and unimpaired per-
formance below these ranges. If an observed score is

within the zone uf uncertainty, strategies such as averag-
ing test sores could hc readily implemented by the clini-
cian CU facilitate more confident decision making.

Competing exptanarions for the test performance of
stroke subjects do not appear plausible. Motor and mem,
ory impairments were unlikely to influence scores as nur-
111’<lI limens were evident in some stroke subjects (despite
varying degrees of paralysis), movements were guided in
a standard manner and memory demands were minimized

hy the test design (I). Subject selection criteria cliini,
nated the potential intlucncc of neglect and inadequate
comprehension. All but four stroke subjects with im-
pared scores in the affected hand 1 Cl)IlCWIIIC<llltly demon-
strated scores within the normal range for the &dquo;unaf~

fected&dquo; hand, which reduces the plausibility of

impairment of attention and cognition as explanations
for the impaired scores of the affected hand.

The obtained reliability and noriuative,discriiiiina,
tive iintl in,g; appear generalizable to the wider population
of stroke patients. Stroke subjects in the reliability study
had tactile discrimination abilities representative of the
full range. The low density of scores noted at 75-95 PSI

wos consistent with larger patient groups (as in the nor-
mative-discriminative study) suggesting that the sample
employed was representatiB’e. Substantial change in ~lis-
crimination ahility would not be expected within the
test,retest time interval sampled and subjects were tested
after the initial 2,week period of most rapid recovery
(74). Testing was conducted under standardized conli-
tions, an equal number of subjects were tested with their
affected versus &dquo;unaffected&dquo; hand first and a similar nlllll-
her of subjects did ( 16 subjects) or did not (19 subjects)
require guided movement. The stroke sample for the ~lis-
criminiltive study were sequentially selected from three
major rehabilitation hospitals, providing a representative
sample of thc suhpopulation of patients that present for
rehabilitation. The age range was comparable to that of
the adult stroke population, particularly those presenting
for rehabititation (75). Although more males than fe-
males were included, this was consistent with reported
higher incidence of mates (75).

Age was not significantly associated with touch llls-
crimination threshold in the normal sample. This find-
ing suggested that it was appropriate to combine the
normative data across ages (i.e., 23 to 77 years) when
interpreting performance scores. The finding is, however,
at variance with most studies in this field. A decline in
tactile sensitivity and spatial acuity of touch has been re-
peatedly demonstrated with advancing age (58,76-78).
Fur example, Stevens (76) found that elderly subjects
(66-91 years) had higher 2~point discrimination thrcsh-
otds than young ( l X-3 3 ) or middle aged (4!-63 ycars)
subjects. These studies involved static touch perception
11s111:; monofilaments (77), a probe (58), two-point aes,
thesiometer (76,78), or gap detection stimuli (78). In
comparison, the TDT required dynamic touch discrimi-
nation of texture .~ratin~s. These differences in the 1121-

turc of the somatosensory nhility tested may have con-
tributed to the contrary rcsults. This exptanation is

supported by recent findings from J(.’I1~ and Radwin 36),
who did not finl a signitkant age effect tW’ a dynamic
test of gap detection, despite the presence of a small but
sinnincant effect when the test was performed statisti-
cally. It sl&dquo;H1uld be noted, however, that the normative
study of Jenn and Radwin (36) comprised only a small
sample (Il = 16) with an age range from 21 to 66 years,
which may also have contributed to the lack of a slglllf-
icant effect. Similarly, in the present study the relatively
smalt sample Si7e and observations that decline in tac-
tile sensitivity is not universal (58) may have contributed
to the findings. Thus, we should not discount the po-
tentiat importance of age on dynamic touch OISCr1I11lllM-
tion unfit more extensive studies are undertaken.

In summary, the development of a quantitative,
st,1l1dardi:ed measure of touch discrimination that can
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be employed in clinical settings with stroke patients ap-
pears to provide an advance on current clinical men-
surement of brain damaged patients. The quantitative na-
ture and strong empiric fliundations of the TDT, coupled
with the high prevalence of impaired tactile discrimina-
tion performance and inadequacy of existing clinical
measures, indicate that the TDT should supplement or
replace existing clinical measures. Clinicians can employ
the TDT to quantify impairment and monitor the mag-
nitude of change in performance more objectively. It is

anticipated that this will he particularly valuable in re-
habilitation settings where accurate information on the
nature and severity l1f impairment is important in plan-
ning and evaluating treatment. Although it is recogni:eJ
that the typical test time of 15 to 20 minutes per hand
may be problematic, especially in some acute clinical set-
tings, we are investigating shortened versions of the test
to expand its clinical application. To ensure that the same
phenomenon is being assessed and communicated across
therapists, investigation of the interobserver reliability of
the measure is also indicated (79). In the current study
tactile discrimination ahility of the preferred finger was
investigated. The device may also he used to test other
fingers or body parts. For example, graftings have recently
been used to assess tactile spatial acuity at the lower lip
and at each fingertip bilaterally (71 ). The authors found
that acuity did not differ significantly between left and
right sides or between digits one to four. There were si~;-
nificant differences between thresholds for the lip and fin-
gertips and between the fifth and remaining digits. The
test also seems applicable to a widc range of patients with
neurologic impairment other than stroke, for example fC)l-
lowing peripheral nerve injury. This suggests a potential
for hruad clinical application when further reliability and
normative studies have been conducted.
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