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Sensory modulation disorder (SMD), affecting ~5% of children, is characterized by sensory over or under-
responsiveness to a range of stimuli in several modalities. Children with over-responsiveness (SOR)
demonstrate increased aversion to certain natural stimuli that manifests as increased distress and avoidance
behaviors to common stimuli, accompanied by abnormal electrodermal responses and brain evoked
potentials to various stimuli. This study is the first to use quantitative sensory testing to characterize the
somatosensory sub-modalities of children with SMD. Seventy eight children aged 6–10 years (44 SMD
children and 34 classmate controls) were tested. A diagnosis of SMD and SMD-free using the Short Sensory
Profile was ascertained by the Sensory Profile Questionnaire, both completed by participants' mothers.
Sensory detection thresholds for skin warming, cooling, punctate dynamic tactile sensation, vibration and
thermal pain thresholds for heat and cold were determined at several body sites. Pain and prickle intensities
for pinprick and prickly stimuli and the duration and intensity of the after-sensations of prickliness and pain
evoked by the prickle stimuli were assessed. Compared to the control children, SMD children showed
significant cool hypoesthesia, higher pain intensity to pinprick and to prickly stimuli, and significantly more
pain after-sensation to the prickly stimuli. No significant differences between groups were found in most of
the sensory and pain thresholds at any tested site. These results indicate, for the first time, that children with
SMD perceive more pain, and that their pain lasts longer. Our results demonstrate that SOR does not imply
lowered sensory thresholds but abnormal processing suprathreshold noxious stimuli.
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1. Introduction

A recent epidemiological survey indicated that approximately 5%
of typically developing children in the United States demonstrate
severely maladaptive responses to benign daily sensory stimuli in a
manner that interferes with daily life [1]. These abnormalities, termed
sensorymodulation disorder (SMD), were recently acknowledged as a
subtype of Sensory Processing Disorders [2–4], and the term currently
refers to behaviors manifesting as over or under-responsiveness in
one or more sensory modalities [2–6]. Over-responsiveness is
associated with defensive behavior or withdrawal from specific
daily living tasks [2–5,7,8]. Moreover, sensation and its negative
characteristics may linger long after the termination of the stimulus
(‘after-sensation’) [5]. In contrast, under-responsiveness may be
associated with delayed responses to stimuli, passivity, apathy or
lethargy [2–5,8].

Physiologically, under- and over-responsiveness have been recog-
nized as separate forms of the construct of SMD [6,8] and, as such, this
study concentrated on the investigation of children with over-
responsiveness. Over-responsiveness characterizes 80% of referred
children with SMD [9], and includes sensory experiences that are
abnormally irritating, unpleasant [2–5,7,8,10] and painful [10,11]. As a
result, SMD can negatively affect developmental, emotional and
functional abilities [5,12,13]. These difficulties usually continue into
adulthood [14], and are often accompanied by anxiety, depression and
maladaptation [15].

Only a few studies have quantified the physiological correlates of
SMD such as auditory cerebral event-related potentials [16], para-
sympathetic (i.e., cardiac vagal tone index) [17], and sympathetic (i.e.,
electrodermal reflex) [8] responses to sensory stimuli in several
modalities. These studies have provided evidence of physiological
impairments in children with SMD. However, none of these studies
used psychophysical quantitative tests to determine whether the
abnormalities occur at the level of detection thresholds and/or in
supratheshold intensities in this population, which was the aim of the
present study.

Quantitative sensory testing (QST), an approach derived from
experimental psychophysics, [18] is used to test for and to
characterize somatosensory hypersensitivity as well as sensory
deficiencies [18,19]. As such, it offers a standardized method, which
encompasses a diverse array of psychophysical procedures to assess
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the perceived intensity of a given stimulus, and thus to directly
measure the individual's subjective experience [18,20], while the
intensity of the stimulus is controlled by the tester [18]. Moreover, it is
used to indirectly evaluate underlying sensory functioning [20] by
evaluating a range of peripheral nerve system functions [21,22], as
well as by revealing abnormalities related to disorders of central
nervous system sensory conduction [21].

The analyses described in this paper are amongst the first to
psychophysically test the nature of responses to somatosensory
stimuli amongst children with SMD. SMD and control children were
tested for detection thresholds of vibration and punctate dynamic
light touch, thermal sensation (cool and warm) and pain (hot and
cold) thresholds. In addition, responses to suprathreshold stimuli
were tested through pinprick pain intensity and prickliness elicited by
woolen fabrics, as well as the after-sensations of prickliness and pain
produced by the prickly fabrics.

The purpose of this study was to characterize children with SMD,
of the over-responsiveness type, through psychophysical quantitative
somatosensory tests. Our hypothesis was that children with SMD
would show significantly lower detection thresholds as well as
significantly greater pain intensity ratings to the various sensory
stimuli, when compared to control, SMD-free children. Furthermore,
we hypothesized that the SMD group would show prolonged after-
sensations.

2. Methods

2.1. Participants

Pediatric occupational therapists were contacted with a request to
refer children with suspected over-responsive type of SMD to par-
ticipate in the study and 76 children were referred in this manner. In
order to maintain homogeneity of the study groups, the parents of the
children with SMD were each asked to refer a classmate to form the
control group (but no siblings of the childrenwith SMDwere invited to
participate). Inclusion criteria stipulated that participants were
without any known congenital malformations, complications at
birth, behavioral, psychiatric or neurological diseases (including
speech, vision or hearing deficits), or a family history that included
such diseases. The participants were between the ages of 6 and
10 years since previous studies have found no significant differences
across these ages in the sensory profile (SP) [23], and in responses to
psychophysical tests [24,25].

The diagnosis of SMD for all children in the study group was made
based on two measures. The first measure used to identify children
with SMD was the Short Sensory Profile (SSP) [26] and children who
attained a total score below 150 for this measure were included in the
suspected SMD group. Thereafter, their diagnosis of SMD was verified
using the full-form Sensory Profile (SP) [27]. Since the items of the SSP
[26] are derived from the SP [27], the high correlation between these
two measures is to be expected (and indeed, all children with
suspected SMD based on the SSP [26] fulfilled the inclusion criteria
based on the SP [27]), but this procedure was selected since the SSP is
commonly used as a screening tool while the SP [27] is a diagnostic
tool which broadens the spectrum of the child's sensory profile and
which enables a deeper understanding of potential sub classifications
of SMD (such as over- and under-responsivity). Children included in
the SMD group were required to have scores indicative of a definite
difference (behaviors reported more than others, i.e. lower scores) in
all three factors of the SP [27] related to the over-responsive type of
SMD (emotionally reactive, oral sensory sensitivity and sensory
sensitivity).

Both forms were also completed by mothers of the children in the
control group to confirm that none of them had SMD; criteria for
inclusion in the control group stipulated a score above 155 for the SSP
(a score that reflects typical sensory modulation) [26]. Children who
fell between the cut-off scores for inclusion in the study and control
groups (150–155) were excluded from the study and some of the
control childrenwere excluded for this reason. Out of 76 childrenwith
SMD and 68 control peers, 44 children with SMD (58%) and 34 control
children (50%) completed the study. Reasons for drop-out from the
study included technical difficulties (such as distance and compliance
with the administrative requirements of the study) as well as lack of
fulfillment of the inclusion and/or exclusion criteria. These sample
sizes (44 and 34) enable the detection of an effect size (Cohen's d) on
the order of 0.6 at a 5% level of significance with at least 80% power
[28].

2.2. Measures

2.2.1. Questionnaires

2.2.1.1. The Short Sensory Profile (SSP) questionnaire. The Short Sensory
Profile (SSP) questionnaire [26] is a standardized, 38-item question-
naire derived from the Sensory Profile questionnaire (see below), used
for screening children between the ages of 3 and 10 for SMD, as well as
for research purposes [1,8,16,17]. The SSP enables the calculation of a
score reflecting responsiveness to sensory input across all sensory
modalities with the exception of pain. Using a 5-point Likert scale
(1=always; 2= frequently; 3=occasionally; 4=seldom; 5=never),
caregivers report the frequency of behavioral responses to sensory
events occurring in everyday life. The items cover responses to tactile,
auditory, visual, gustatory and olfactory stimuli, movement, and body
position (e.g., item #1: “The child expresses distress during grooming
[e.g., haircutting, face washing, fingernail cutting]”). A total score was
calculated for each participant by adding the points assigned for each
item. Higher SSP scores reflect a greater number of behaviors which
are within normal limits [26]. Validity of the SSP has been
demonstrated using the ‘known-group’ procedure and factor analysis.
Reliability has been measured through internal consistency (Cronba-
ch's α values ranging from 0.70 to 0.90). Internal consistency for the
SSP has been demonstrated to be high for Israeli children (Cronbach's
α=0.96) [13].

2.2.1.2. The Sensory Profile (SP) questionnaire. The Sensory Profile (SP)
questionnaire [23,27] is a 125-item questionnaire used for clinical
diagnosis of SMD, by highlighting domains of atypical responses to
specific daily sensory stimuli [23]. The SP questionnaire provides a
detailed sensory profile of children between the ages of 3 and 10, and,
in addition to responsiveness to the same sensory modalities as the
SSP, assesses behavioral and emotional responses associated with
sensory processing. Higher SP scores reflect a greater number of
behaviors which are within normal limits. Content, discriminant and
construct validity have been established [23]. High internal consis-
tency (Cronbach's α=0.90) and test–retest reliability (r=0.89) have
been demonstrated for Israeli children. Construct validity has also
been demonstrated for this population by showing statistically
significant differences between Israeli children with and without
SMD using the ‘known-groups’ procedure [29].

2.2.2. Quantitative Sensory Tests

2.2.2.1. The Fabric Prickliness Test (FPT). The Fabric Prickliness Test (FPT)
quantifies the level of prickliness and pain caused by the application of
prickly fabrics to the skin [30,31].

To adapt this test to children, we used three fabrics, selected based
on preliminary experiments with five children (age range 6–10 years)
without SMD, who graded the level of prickliness of 10 different
woolen fabrics using a numerical rating scale (NRS) of 0–10 (0=not
prickly at all; 10= the prickliest fabric possible). The three fabrics which
received the highest level of consensus as eliciting minimal, moderate
andmaximal prickliness (Fabrics 1–3, respectively) were selected. The
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least prickly, softest fabric, was of a type used tomake garmentsmeant
to be worn on bare skin, whereas the prickliest fabric was of a type
normally used tomake garments never in contact with bare skin, (e.g.,
woolen coats) [30]. The FPT test consisted of 16 fabric applications: six
of Fabric 2, and five each of Fabrics 1 and 3. The 16 fabrics (rectangular
pieces 5×10 cm, each sewn in the middle of white cotton fabric
7×12 cm [30]), were applied to the volar surface of the non-dominant
forearm, facing down (to prevent visual identification of the tested
fabric). Beginning with Fabric 2, the next presentations of Fabrics 1–3
were applied sequentially in a pseudorandom order that presented
each fabric type once, preceded by a fabric of a different prickliness
level [30]. The investigator rapidly tapped on the fabricwith digits 2–4,
repeating this sequence until the child verbally indicated registering
the sensation. Then the fabric was removed and the child was asked to
separately rate the level of prickliness and pain the fabric evoked using
the following instruments:

Prickliness intensity was rated using a mechanical sliding device
that served as a visual analog scale (M-VAS) [32]. A middle slider was
pulled to the right by the child revealing a red bar that indicated
perceived intensity of prickliness (ranging from “not prickly at all” to
“the most prickliness possible”). Turning the device over revealed a
numerical scale from 0 to 10, (which was visible to the experimenter
but not to the child), that corresponded to the length of the exposed
red bar. This number was recorded after the application of each fabric.

Pain intensity was rated using the Faces Pain Scale [33], revised
[34], which comprises schematic drawings of six faces that express
increasing distress typical of individuals experiencing pain. These
faces represent six levels of pain that correspond to a numerical rating
scale ranging from 0 to 10 with increments of 2. The child selected the
face best fitting the level of pain evoked by the fabric and the
corresponding number was recorded after the application of each
fabric.

Prickliness and pain ‘after-sensation’: After the FPT was terminated
by scoring the 16th fabric, the duration of the prickliness and pain-
fulness that continued to linger as an after-sensation was also mea-
sured. Children used the same measures to rate the intensity of the
prickliness and pain, 15 s after scoring the last fabric of the FPT and
repeated the ratings five times at one minute intervals thereafter.

2.2.2.2. Vibration sensation thresholds. Vibration sensation thresholds
were determined by applying the Method of Limits [35], using the
Vibratory Sensory Analyzer (Medoc, Ramat Yishai, Israel), by indent-
ing the palmar aspect of the 3rd digit 2nd phalanx of the non-
dominant hand with the probe at 100 Hz, increasing the amplitude at
0.2 µm/s and at a force of 40.98 g/cm2 [24,36]. When the child
perceived the vibration, he clicked a computer mouse with the
contralateral hand, thereby registering the Vibration Perception
Threshold (VPT) as the depth of the indentation (in µm) and resetting
the probe position. Thereafter, a supraliminal vibratory stimulus
(10 µm, at 100 Hz) was applied, decreasing in amplitude at 0.2 µm/s,
until the sensation of vibration disappeared. Clicking the mouse
signified the depth (in µm) of the Vibration Disappearance Threshold
(VDT), rapidly resetting the probe position. The first trial was used for
training VPT, and the VPT threshold calculation was an average of the
following three trials [35,37], which were delivered at an inter-trial
interval of 4 s [36]. VDT was administered and calculated in the same
way [35–37].

2.2.2.3. Dynamic punctate tactile sensation thresholds. Dynamic punctate
tactile sensation thresholds were determined at the pulp of the 2nd
digit of the dominant hand and on the upper lip, using a series of von
Frey monofilaments (Smith & Nephew Rolyan; Menomonee Falls, WI;
0.08–2943 mN). The monofilament set was calibrated to deliver its
targeted bending force within a 5% standard deviation [38]. The
monofilaments were selected and labeled so as to give a linear scale of
perceived intensity (a logarithmic scale of applied force) ranging
between 1.65 and 6.65 U (log force) (ranging from 0.008 g to 300 g/
0.08 mN to 2943 mN) [38]. Starting with the filament of the lowest
bending force, ascending force was applied using the Method of
Limits, pressing each filament until bent [39,40] five times at a rate of
~2 Hz. The detection threshold was determined as the log force of the
first monofilament producing a distinctive tactile sensation [40] in all
five applications. Participants were blindfolded to prevent visual cues
of the stimuli [40].

2.2.2.4. Pinprick pain. Pinprick pain was determined with three stiff
filaments (Smith & Nephew Rolyan; Menomonee Falls, WI; see
above), eliciting increasing levels of punctate pain, by applying a
bending force of 5.46, 5.88 and 6.10 on a log force scale (29 g, 75 g and
127 g; 284.4 mN, 735.5 mN, 1245.4 mN, respectively). Preliminary
experiments in seven SMD-free children (age range 6–10 years old)
showed that all three filaments elicited a reasonably painful pricking
sensation (pain intensity<=6), in all tested children, when applied
perpendicularly to the skin of the volar surface of the dominant
forearm. While applying the filaments, children were blindfolded to
prevent visual cues of the stimuli [40]. In order to rate pain intensity,
the blindfold was removed after each application. Pain intensity was
rated using the revised Faces Pain Scale [34]. The entire test consisted
of nine applications, three of each filament, in a pseudorandom order
which was identical for all children.

2.2.2.5. Thermal sensations and pain detection thresholds. Thermal
sensations and pain detection thresholds were tested with the Thermal
Sensory Analyzer (TSA-2001) (Medoc, Ramat Yishai, Israel). A Peltier
thermode (30×30 mm) was secured with a Velcro© elastic band at
the tested site, and kept in contact with the skin for the entire
duration of the test to minimize tactile or pressure stimulation [22].
Starting from an adaptation temperature of 32 °C [21,22], warm, cool,
heat and cold stimuli were applied at the forehead (as a non
lateralized body site), thenar eminence (of the non-dominant hand
as a standard body site), and calf (same side; as a poorly sensory
innervated body site) to determine the thermal detection and pain
thresholds. The child's feedback was registered when the child clicked
a handheld computer mouse.

Warm and cool detection thresholds (thermesthesia) were assessed
with the Method of Levels [19,22,41]. Warm detection threshold
(WDT) and cool detection threshold (CDT) were determined using a
computerized program that followed a sequence of heating or cooling
ramps that depended on feedback from the tested child or the ex-
perimenter: When no feedback was provided by the child, the exper-
imenter keyed in a signal indicating an absence of response. For CDT
and WDT the rate of temperature change was 1 °C/s [21,22,24].
Stimuli were presented at an initial ramp of 3 °C (i.e., 35 °C for WDT
and 29 °C for CDT), with the thermode returning to the adaptation
temperature of 32 °C immediately thereafter. For WDT, stimuli
continued to be increased by ramps of 3 °C until the tested child
indicated detecting a change from the starting baseline temperature.
Additional stimuli were then presented to identify the detection
threshold at a higher resolution. To this end, the ramp temperature
was halved for each successive stimulus, with the direction changing
according to the child's response, increasing the temperature when
no feedback was provided or decreasing it when the child indicated
that he felt the stimulus. The test was completed when the last
stimulus was 0.1 °C from the previous stimulus. The detection thresh-
old (WDT) was calculated by the computerized apparatus as the
average of the last two trials — the one that was detected and the one
that was not. The opposite procedure was used to determine the CDT.
Random dummy stimuli were also used [22].

Heat (HPT) and cold (CPT) pain thresholds (thermalgesia) were
assessed using the Method of Limits [22,42]. These stimuli were trains
of heating or cooling at a rate of 1.5 °C/s [24,43], each starting from the
baseline temperature of 32 °C [22,24]. As soon as the stimulus was



Table 1
Age and gender comparison between the SMD and control groups.

Group n Statistic Value Test

Age SMD 44 Mean 7.50 t76=−0.77; p=0.44
SD 1.20

Control 34 Mean 7.75
SD 1.33

Gender Boys
(N=51)

SMD 33 % 64.7 χ2=4.12; p=0.04
Control 18 % 35.2

Girls
(N=27)

SMD 11 % 40.7
Control 16 % 59.2
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perceived to be painful, the child interrupted the train by feedback,
resetting the probe temperature to the baseline at a rate of 10 °C/s
[24]. This sequence was repeated three more times, at 10–15 s
intervals [22,24,43]. The first stimulus was used for training the child,
and the average of the last three trials was used to determine the HPT.
The same procedure, but with cold stimuli, was used to determine the
CPT. The interval between measures of the HPT and CPT was five
minutes.

2.3. Procedure
The experimental protocol was approved by the Ethics Review

Board of Reuth Medical Center, Tel Aviv, Israel. Written informed
parental consent was obtained after the procedures had been fully
explained to parents, and children verbal assent was obtained before
the testing session began.

Parents of participating children received a letter explaining the
purpose of the study and its procedures, an informed consent form, the
SSP questionnaire and a detailed socio-demographic and health care-
giver questionnaire, in a return-addressed and stamped envelope.
Mothers were asked to be the responders since they have been found
to report atypical behaviors more accurately than fathers [44,45].
Based on the returned SSP questionnaires, initial group placementwas
determined [26]. Thereafter a psychophysical testing session that did
not exceed one hour was carried out at the Reuth Medical Center
Outpatient Clinic, in a quiet room, with the child sitting in a com-
fortable recliner. Standardized instructions were delivered via com-
puter presentations and training trials were performed prior to every
test. Tests followed a standard protocol, presented in a randomized
order to avoid sequence effects and to balance out possible influences
of fatigue and attention span. All children were tested by the same
investigator (T.B-S.) whowas blinded as to the group placement of the
tested child. All participants were requested to have no analgesics
for 24 h prior to the testing session. While the child was tested,
mothers completed the SP questionnaire. Based on the scores of the SP
questionnaire [23,27], children assigned to the SMD group were
ascertained as having an over-responsive profile. Parents were not
reimbursed for time and travel costs but received the test report and
were offered a free consultation sessionwith an occupational therapist
specializing in treating children with SMD.

2.4. Data analysis
Statistical analysis was performed using SAS v9.1 (SAS Institute Cary

NC. USA). Categorical variables are presented as a count and percentage
and compared with a chi-squared test or Fisher's exact test. Continuous
variables are summarized by a mean and standard deviation and com-
pared with a two-tailed independent samples t-test. Pearson's correla-
tion coefficient between SSP and SP scoreswas calculated. Groupmeans
are plotted with standard errors of the mean (SEM). Each of the
Quantitative Sensory Test scores (or their change from baseline) was
modeled as dependant variables using a repeated measures analysis of
variancemodel (RMA;usingPROCMIXED in SAS). For eachmodelfixed-
effect parameters (such as gender, fabric type, time) depending on the
data were entered into the model with interactions where appropriate.
Risk of SMD was evaluated using logistic regression modeling (using
PROC GENMOD in SAS in the case of repeated measurements or PROC
LOGISTIC otherwise). No adjustment for multiple testing was done in
this preliminary study.

3. Results

No significant group differences were found in parental demo-
graphic and socioeconomic variables, such as marital status, ethnic
origin, occupation and education (data not shown). No significant
difference was found in the average age between the study groups
(Table 1). We found a higher percentage of boys in the SMD group,
whereas boys and girls were similarly distributed in the control group
(Table 1). This is in keeping with evidence from the literature that a
larger percentage of boys are both referred and diagnosed with
developmental disorders [46–49]. To control for potential confound-
ing effects, we adjusted the statistical models for gender.

3.1. Group placement

Statistically significant differences were found between the SMD
and control groups in the SSP mean scores [127.1 (SD=22.82) and
171.3 (SD=10.44), respectively, t74=9.68,p<0.0001; effect size=2.42]
and the SP scores [428.5 (SD=62.29) and 556.7 (SD=33.94), respec-
tively, t73=10.61, p<0.0001; effect size=2.25]. Statistically signif-
icant differences were also found for the three SP Factor scores: [Factors
2; 4 and 7: (t=−8.63, p<0.0001); (t=−7.18, p<0.0001); (t=−5.12,
p<0.0001) respectively].

Due to the fact that this study specifically aimed to investigate the
somatosensory system, 14 items from the SP questionnaire [27] which
assess the frequency of over-responsiveness to tactile stimuli were
selected. The average scores of these items were significantly lower
in the SMD group, compared to the control group 46.86 (SD=10.43),
65.10 (SD=3.70), respectively; t73=9.57, p<0.0001), indicating
that children with SMD had abnormal processing of tactile stimuli.
This further supported the rationale for comparing the responses of
SMD and control children using the following somatosensory psy-
chophysical tests.

3.2. Quantitative Sensory Tests

3.2.1. The Fabric Prickliness Test (FPT)
Prickliness and pain intensity were evaluated using two repeated

measures analysis of variance models (RMA) as a function of group
(SMD/control), gender, fabric type (least painful, moderately painful,
most painful) and the fabric type*group interaction).

3.2.1.1. Prickliness intensity. Both the SMD and control groups as-
sociated significantly increasing prickliness levels with the three
fabric types (Fig. 1a) as depicted by the significant effect of fabric type
[F(2, 74)=34.60; p<.0001]. This indicated that the selected fabrics
enabled discrete grading of the intensity of prickliness in the FPT.
Children with SMD did not differ significantly from control chil-
dren in the level of prickliness elicited by the three fabrics as nei-
ther the group effect [F(1,74)=2.02, p=0.16] nor the interaction
term [F(2,74)=1.15 ; p=0.32] were found to be statistically
significant. Thus, we conclude that children with SMD do not have
prickle hyperesthesia when stimulated with prickly fabrics.

3.2.1.2. Pain intensity. Likewise, the three woolen fabrics elicited
discretely increasing levels of pain in both groups [interaction term:
F(2,74)=23.56, p<0.0001; Fig. 1b]. This confirmed that the FPT is a
valid measure for testing pain levels produced by woolen fabrics.

Children with SMD significantly differed from control children in
the level of pain elicited by the application of the fabrics [group effect:
[F(1,74)=9.99, p=0.0023; Fig. 1b], but no significant group by fabric
type interaction was found [F(2,74)=1.20, p=0.31]. Irrespective of



Fig. 1. Prickliness (a) and pain (b) intensity VAS scores [mean (±SEM)], in SMD and control children for each of the three fabric types.
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fabric type, children with SMD reported significantly higher pain
levels in response to application of the woolen fabrics than control
children.

3.2.1.3. Correlation between pain and prickliness. Painwasmodeled as a
function of prickliness, group, gender and the group*prickliness inter-
action. A significant group*prickliness interaction [RMA, F(1,74)=19.3;
p<0.0001] indicated that the slope (i.e., the correlation between pain
and prickliness) in the SMD group was significantly higher than that of
control children, irrespective of fabric type (0.94 and 0.43, respectively).

3.2.1.4. After-sensation of prickliness and pain. The change from base-
line (15 s) after sensation prickliness and pain scores were modeled
with an RMA model as a function of group, gender, time-after-fabric-
application and the group*time-after-fabric-application interaction.
No significant differences between the groupswere found in the after-
sensation of prickliness [group effect: F(1,77.7)=0.08, p=0.78;
Fig. 2a]. However, Fig. 2b shows that, while the after-sensation of
pain in control children disappeared over 5 min after the last fabric
application, children with SMD expressed lingering pain. A statisti-
cally significant difference between the SMD and control groups was
found in the intensity of the after-sensation of pain [F(1,78.6)=4.64,
p=0.034; Fig. 2b]. This difference did not vary over fabric applica-
tions, since the time-after-fabric-application*group interaction was
not significant [F(1.77.6)=0, p=0.98; Fig. 2b].

No significant gender differences were found in any of the models
above (data not shown).
Fig. 2. Plots of the mean (±SEM) intensity of the after-sensations of prickliness (a)
3.2.2. Vibration sensation thresholds
No statistically significant differences were found between groups

in the vibration perception threshold (VPT) or the vibration dis-
appearance threshold (VDT) of a 0.5″ disk applied to the palmar
aspect of the third digit at a vibration frequency of 100 Hz (Table 2).

3.2.3. Dynamic punctate tactile sensation threshold
No statistically significant differences were found between the

groups in thedetection thresholdof light touch applied repetitivelywith
a von Frey monofilament, regardless of the tested body site (Table 2).

3.2.4. Pinprick pain
Pinprick painwasmodeled as a function of group, filament bending

force, gender and the interaction between filament bending force and
group.

Statistically significant differences were found between the monofil-
ament bending force irrespective of group [F(2,74.5)=48.63 ,p<0.0001],
but no significant interactions were found between filament bending
force and group [F(2,74.5)=0.71, p=0.49]. This indicated that the
three filaments selected for this test enabled discrete grading of in-
creasing levels of pain [Fig. 3] in both groups in a similar manner.

Next, we found statistically significant differences between groups,
for the same monofilament, with higher pain scores reported by the
SMD group [F(1,76)=11.94, p=0.0009]. No significant gender dif-
ferences were observed [F(1,76)=0.8, p=0.37]. Thus, we conclude
that children with SMD rate pain intensity higher than control
children, when stimulated with painful prickly stimuli.
and pain (b) over five minutes, beginning 15 s after the last fabric application.



Table 2
Comparison of vibration and punctate thresholds between the SMD and control groups.

Test Stimulated
body site

Variable Group Mean SEM t p

Vibration
(100Hz)

Digit #3 Vibration
perception
threshold (µm)

SMD 1.21 0.11 0.92 0.34
Control 1.03 0.15

Vibration
disappearance
threshold (µm)

SMD 1.70 0.18 −0.18 0.86
Control 1.75 0.20

Repetitive
tactile
stimulation
(von Frey
filaments)

Digit #2 Light touch
detection
threshold
(log force)

SMD 2.33 0.10 0.11 0.91
Control 2.31 0.12

Upper lip SMD 2.03 0.09 0.47 0.64
Control 1.97 0.11

Fig. 4. The average (±SEM) Cool Detection Threshold (CDT) and Warm Detection
Threshold (WDT) (in °C) at which control and SMD children detected the appearance of
cooling or warming sensations in the three stimulated body sites.
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3.2.5. Thermal sensations and pain detection thresholds
Groups were compared for thermal thresholds (CDT; WDT; CPT

and HPT) with each threshold modeled separately with a RMAmodel,
as a function of body site, gender and the interaction between body
site and group.

3.2.5.1. Cool detection threshold (CDT). Children in the SMD groupwere
significantly less sensitive than children in the control group to cooling
of the skin, irrespective of the stimulated body site [(F(1,72)=9.52,
p=0.0029; Fig. 4]. Both groups reacted in the same manner at the
different body sites, as no significant interaction between body site and
group was found [F(2,68.7)=1.21, p=0.30)]. The overall difference
between body sites was significant [F(2,68.7)=12.93, p<0.0001].
Thus, we conclude that children with SMD have hypoesthesia to cool
stimuli.

3.2.5.2. Warm detection threshold (WDT). No significant differences
were found between groups for warm detection threshold [F(1,76.9)=
1.7, p=0.20); Fig. 4]. The overall difference between body sites
(irrespective of group) was significant [F(2,74.2)=37.93; ,p<0.0001].
Nevertheless, both groups reacted in the same manner at the different
body sites, as no significant interaction between body site and group
was found [F(2,74.2)=0.46; p=0.6332)].

3.2.5.3. Thermal pain thresholds (CPT; HPT). Significant differences
were found between the three body sites, irrespective of group [CPT:
F(2,70.1)=4.95, p=0.0097; HPT: F(2,71.9)=8.18, p=0.0006].
However, no significant differences were found between groups,
both for the cold and hot pain thresholds [CPT: F(1,78.1)=0.25,
p=0.62; HPT: F(1,76.6)=0.78, p=0.38, respectively]. Thus, we
Fig. 3. Mean pinprick pain intensity (±SEM) per group determined by The Faces Pain
Scale (Revised).
conclude that children with SMD do not differ from control children
in thermal pain thresholds.

3.3. Predictive ability of the sensory tests to identify children with SMD

In order to assess the ability of the sensory tests to predict SMD,
logistic regression models (employing PROC GENMOD in SAS) were
applied as a preliminary evaluation. The FPT and pinprick scores were
evaluated, as was the fabric type by score interaction and the filament
bending force by score interaction. For cases where the interaction
was found to be significant, separate logistic models were applied to
estimate the odds ratios of the respective score associated with a
certain fabric type or filament bending force. Using a similar approach,
cool andwarmdetection thresholds, and cold and hot pain thresholds,
were modeled with the interaction of body site by score. No
adjustment was made for gender in these evaluations, since gender
was not found to be a significant variable in any of the comparisons
and models mentioned above.

3.3.1. The Fabric Prickliness Test (FPT)
We tested whether reported levels of prickliness (Model 1) and/or

pain (Model 2) elicited by the fabrics increased the likelihood of being
diagnosed with SMD.While no statistically significant associationwas
found between the levels of prickliness and SMD diagnosis (Model 1,
Table 3), a significant association was observed between pain levels
and SMD status (Model 2, Table 3). For every unit increase in the level
of pain produced by the prickly fabrics, the risk of having SMD was
increased by 27% (Table 3). Thus, reported levels of pain, but not of
prickliness, predicted having SMD.

Model 2 shows that there is a statistically significant difference in
association of pain levelswith SMDbetween the fabric types (Model 2,
Table 3), and thus three separate models were analyzed, one for each
fabric type. The odds ratio of having SMD when the prickliest fabric
was applied was the smallest of the three (Models 2a–c, Table 3).

3.3.2. Pinprick
A statistically significant associationwas observed between the level

of pain evoked by pinprick and SMD as determined by the SSP scores
(Model 3, Table 3). This association was modified slightly by the fila-
ment bending force, since the interaction term was significant
(p=0.008). We found that with each unit increase in the pain scores
there is a 30% increase in the risk of being classified as having SMD
(Model 3, Table 3). Since the interactionbetweenfilamentbending force
and group was significant, we applied separate logistic regression



Table 3
Association between risk of having SMD and sensory tests to innocuous and noxious
stimuli in children.

Model Variable Level Odds
ratio

95% CI
lower, upper

p values

1 FPT-prickliness 1.11 0.94, 1.32 0.18
2 FPT-pain 1.27 1.07, 1.51 0.002

2a Pain by fabric Least painful 1.77 0.97, 3.23 0.06
2b Moderately

painful
1.52 1.08, 2.15 0.02

2c Most painful 1.33 1.08, 1.64 0.007
3 Pinprick-pain 1.30 1.07, 1.57 0.002

3a Pinprick-pain by
filament

5.46 (log force) 1.23 1.03, 1.45 0.02
3b 5.88 (log force) 1.38 1.14, 1.69 0.001
3c 6.10 (log force) 1.30 1.08, 1.57 0.006

4 Cool-detection 0.44 0.26, 0.74 0.001
4a Cool-detection by

Body Site
Thenar
eminence

0.15 0.02, 1.09 0.06

4b Forehead 0.58 0.33, 1.01 0.055
4c Calf 0.26 0.06, 1.08 0.06

5 Warm-detection 1.15 0.9, 1.47 0.21
6 Cold-pain 0.99 0.94, 1.04 0.57
7 Hot-pain 0.98 0.88, 1.10 0.73

Table 4
Summary of the main observations made amongst children with SMD.

Sensory tests and
questionnaires

Stimulated site Variable Resultsa

Punctate light touch
(von Frey filaments
applied at 2 Hz)

Finger Touch detection
threshold

SMD=CON
Face SMD=CON

Vibrating disk
(100 Hz)

Finger Vibration detection
threshold

SMD=CON

Repetitive tapping a
prickly fabric against
the skin

Forearm Prickliness SMD=CON
Prickliness
after-sensation

SMD=CON

Pain SMD>CON
Pain after-sensation SMD>CON

Pinprick Forearm Pain SMD>CON
Warm Hand Detection threshold SMD=CON

Face
Leg

Cool Hand Detection threshold SMD<CON
Face
Leg

Hot Hand Pain detection
threshold

SMD=CON
Face
Leg

Cold Hand Pain detection
threshold

SMD=CON
Face
Leg

SP questionnaire Face Frequency of
abnormal responses
to 14 daily tactile
stimuli

SMD>CON
Hands
Feet

>: denotes that children with SMD were significantly more sensitive or reported more
pain than control children.
<: denotes that children with SMD were statistically significant less sensitive or reported
less pain than control children.
=: no statistically significant difference between the groups was found.

a Bold font: comparisons yielding a statistically significant difference between the
groups.
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models for each filament bending force, calculating the odds ratio
(Models 3a–c, Table 3). The moderately painful filament, having a
bending force of 5.88 on the log force scale, was themost predictive test
stimulus with a 38% increase in risk of having SMD.

3.3.3. Thermal detection thresholds
A significant association was found between SSP scores and the

CDT for being classified as having SMD (Model 4, Table 3). The
implication of this result is that the odds of having SMD are reduced
by 54%with every one degree (°C) temperature increase in the CDT. In
addition, Model 4 demonstrated that there is a significant difference
between body sites (p=0.0039), and thus three separate models
were analyzed, one for each body site. However, none of these
estimates was significant (Models 4a–c, Table 3).

No significant association was found between SMD and WDT
scores (Model 5, Table 3). These results indicate that the association
between having SMD (as reflected in the SSP scores) and thermal
detection thresholds existed only for detection of coolness (CDT) but
not of warmth (WDT).

3.3.4. Thermal pain thresholds
Models 6 and 7 revealed no statistically significant associations

between thermal pain thresholds and the risk for having SMD (CPT:
p=0.73, Model 6; HPT: p=0.57, Model 7, Table 3).

We conclude that increased pain levels evoked by woolen fabrics
and pinprick, as well as decreased cool detection thresholds, are
predictive of having SMD in children (Table 4).

4. Discussion

The present study is the first to systematically test somatosensory
thresholds and suprathresholds of children with sensory modulation
disorder (SMD), using psychophysical methods. Thresholds of
punctate light touch, vibration, thermal detection and pain were
assessed, and suprathresholds were investigated by assessing
responses to prickliness and pain intensity as well as the duration of
the after-sensations to these stimuli. Our data demonstrated that,
with the exception of cool detection thresholds, no threshold
differences were found between children with SMD and controls. In
general, this trend towards normoesthetic somatosensory thresholds
is compatible with previous reports that found no abnormal tactile
discriminability in children with SMD [50].
Our finding of cool hypoesthesia in children with SMD suggests that
a high stimulus intensity (i.e. colder stimuli) was required for stimulus
detection than that required in typically developing children. Several
studies fromother realmsof investigation have shown that isolated cold
stimulation has a higher diagnostic sensitivity than warm stimulation
[51–53]. Our single finding of cool threshold differences amongst
children with SMD may suggest that SMD is associated with abnormal
processing of input evoked by cool stimuli in the thalamus, since lesions
to the thalamic Ventral caudal nucleus (Vc), not including Ventral
medial posterior nucleus (VMpo), are sufficient to produce cold hypo-
esthesia and central pain in post stroke patients [54]. More research is
needed to investigate this sub-modality amongst children with SMD.

The finding of no group differences between the control and SMD
groups in reported prickliness in response to the applications of the
woolen fabrics may not be altogether surprising. This may be explained
based on the different natures of the questions asked of the children.
While the questions related to rating the prickliness intensity of the
stimuli may be viewed as considering “discriminatory” aspects of the
stimuli (such as more–less, strong–weak etc), the questions assessing
thepain invoked by these stimuli addressmore affective elements of the
experience. This finding of no discriminatory differences but significant
affective differences in the responses to stimuli is again in accordance
with reports that children with SMD do not have difficulties in sensory
discrimination per se [50]. This is supported by the findings of the
logistic regression analyses.

With regard to suprathreshold noxious stimuli, children diagnosed
with SMD reported higher levels of pain than those reported by typ-
ically developing children in response to both pinprick (von Frey
monofilaments) and prickly fabrics. Pinprick iswidely used to assess the
nociceptive system [55,56]. In animal models, it has been demonstrated
that application of woolen (prickly) fabrics to the rat glabrous skin
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activated firing in Aδ- and polymodal C-fibers carrying mechanical
nociceptors [31]. In humans, higher pain ratings were associated with
application of fabrics that evoke more prickle sensation [30,31]. Our
results suggest that children with over-responsiveness to sensory
stimuli might have a more vigilant nociceptive system. It is noteworthy
that, while control children in the present study ranked the two fabrics
of the lower levels of prickliness as almost not painful at all, children
with SMD already assigned significantly higher levels of pain from the
less prickly fabrics. Likewise, childrenwith SMDassociatedhigher levels
of pain with the pinprick stimuli than children without SMD.

While it may be assumed that the responses of children with
SMD to certain sensory stimuliwould becomemore extreme as stimuli
becomes more intense, our findings suggest that this is not the case;
it appears that children with SMD show greater aversive responses
in comparison to typically developing children even in response to
seemingly less intense stimuli. Indeed, this appears to be one of the
definitive features of SMD, that these individuals demonstrate in-
creased aversion to non-aversive sensory stimuli [2–9] while not
necessarily having “more aversive” responses than typically develop-
ing individuals to extremely aversive stimuli. When examining the
histograms, it is clear that the difference in the affective responses
between the SMD and typically developing children decreases as the
aversive nature of the stimulus increases. Moreover, further support
for this interpretation is provided by the logistic regression which
revealed the smallest odds ratio for having SMDwhen the prickliest of
the three fabrics was applied.

Despite clinical reports of symptoms described by individuals with
SMD, the phenomenon of after-sensation has not been investigated
in this population. We found that the increased sensation of pain to
the prickly fabrics lingered for at least 5 min after the termination
of the test. Pain after-sensation is a characteristic symptom of certain
types of neuropathic pain [57]. Prolonged firing of spinal ascending
nociceptive neurons, which outlasts stimulus duration, has been re-
corded in a number of species using several preparations of neuro-
pathic pain, and is one of the hallmarks of ‘central sensitization’ [58].
This study lends empirical support for a commonly described, symp-
tom of SMD that has not been investigated as of yet.

Additional research is needed to determine whether the sensory
abnormalities observed in children with SMD result from chronically
sensitized mechanical nociceptors and/or abnormal processing in the
CNS of sensory input. Unlike sensory nerve action potentials, the QST
explores the status of somatosensory afferents, (small caliber and
large myelinated fibers), all the way between cutaneous receptor to
central nerve system structures without providing clues as to the
precise locus of dysfunction along the channels [18,52]. However, in
line with recent findings [16,59], the following arguments favor CNS
mechanisms as underlying SMD.

The sensations of both prickliness and pain that co-occur in response
to prickly stimuli [60,61] result from activation of mechanical noci-
ceptors onAδ-, andC-fibers [31]. If SMDresults inpart fromsensitization
of these receptors, one would expect children with SMD to report
significantly higher levels of prickliness than the control group, in ad-
dition to increased pain levels. Thus, the lack of difference between the
groups in the reported levels of prickliness supports our conclusion that
SMD is caused in part by abnormal CNS processing of nociceptive input.

Since SMD is associatedwith abnormalities in additionalmodalities
to cutaneous sensibility [2–8,16,17] themost likely explanation for the
increased pain to the pinprick and the prickly fabrics, and the pain
after-sensation, is an abnormally higher gain of activation of CNS pain
pathways by the afferent input these stimuli elicited in nociceptive
afferents. It is possible that this abnormality is caused by chronically
sensitized pain pathways in the CNS [58], perhaps caused by con-
stitutively lower inhibitions, abnormal regulation of descending
controls [59,62], or abnormal processing of painful stimuli in struc-
tures that attribute an affective negative value to afferent inputs [63].
If validated in future experiments, (e.g., using brain imaging), this
could explain why stimuli in other modalities are perceived by chil-
dren with SMD as aversive.

The results of this study reveal that, from a psychophysical per-
spective, children with SMD have abnormalities in suprathreshold
noxious tactile sensations, but not at the detection threshold level
(with the exception of cool stimuli). This conclusion is in line with
maternal behavioral reports (based on the SP and SSP questionnaires)
that children with SMD show a higher frequency of increased aversive
responses to suprathreshold tactile stimuli as compared to control
children. Arguably, most daily encounters with such stimuli are at
suprathreshold intensities. Our findings support the suggestion that
children with SMD suffer from abnormal sensory processing at the CNS
level.

5. Conclusions

This is the first psychophysical profile to characterize the sensory
abnormalities of children with SMD. It demonstrates that children with
over-responsiveness form of SMD do not show overly sensitive detec-
tion ability, but rather express increased sensitivity to painful stimuli,
suggesting a CNS involvement. This might explain the observable
behavioral responses (e.g. defensive, withdrawal behaviors) seen in
children with over-responsiveness form of SMD.
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