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may also show sensory sensitivities (Gere et al., 2009). Initial 
work in our lab (Reynolds et al., 2009) used a Sensory Challenge 
Protocol (SCP) and measured changes in salivary cortisol as a 
refl ection of changes in the hypothalamic– pituitary–adrenal 
(HPA) axis, and, as suggested by other investigators, a physi-
ologic refl ection of the stress response (Schmidt, 1997; Hanrahan 
et al., 2006). Our preliminary fi ndings had indicated different 
patterns of cortisol response to sensory challenge in children 
with ADHD and SOR (ADHDs), compared to that seen in chil-
dren with ADHD but no SOR (ADHDt) and typical children 
(TYP). Children with ADHDt showed the expected blunting 
of the cortisol response; children with ADHDs did not. Other 
investigators have also indicated that a blunted cortisol response 
to stressful situations in children with ADHD was commonly, 
although not invariably, seen (King et al., 1998; Kariyawasam 
et al., 2002; Hong et al., 2003). Why some children with ADHD 
have a blunted response while others do not has to this point 
not been well explained; examining cortisol relative to sensory 
modulation may provide needed clarifi cation.

Parush et al. (2007) also examined CNS functions in children 
with ADHD and SOR. These investigators found that children with 
ADHD and tactile SOR had different central processing of soma-
tosensory input, measured via EEG recordings, than children with 
ADHD without tactile SOR. The work of both Parush et al. and 
Reynolds et al. support the notion that SOR may be a pre-existing 
variable of interest in the creation of ADHD subtypes (with and 
without SOR), and that neurophysiological functioning may be 
used as biomarkers in group differentiation.

INTRODUCTION
Defi cits in sensory modulation have been linked clinically with 
impaired attention, arousal, and impulsivity since the early 1970s 
(Ayres, 1972). However, understanding the central nervous system 
processes linking sensory modulation disorders (SMD) and atten-
tion defi cit hyperactivity disorder (ADHD) has proven challenging. 
Moving toward the goals of better understanding and improved 
diagnostic accuracy within and between diagnoses, investigators 
have used parent report measures of children’s behavior, neuro-
physiologic measures, and neuroendocrine measures of stress 
responses. However, in order to distinguish SMD from ADHD, 
and/or clarify the relationship between the two, a more thorough 
understanding of the central nervous system processes as well as 
behavioral symptomatology within and between the disorders 
is necessary.

Sensory over-responsivity (SOR) is a type of SMD character-
ized by responses to sensory stimuli that are faster, longer, or 
more intense than what would be expected with typical sensory 
responsivity (Miller et al., 2007). Individuals may demonstrate 
over-responsivity to any type of sensory stimuli (e.g., sound, 
movement, or touch) and behavioral responses in the face of 
adverse stimuli. Responses may include aggression, fear, avoid-
ance, withdrawal, irritability, or moodiness. SOR independent of 
other diagnoses is just beginning to gain recognition. Kinnealey 
and colleagues (Kinnealey et al., 1995; Kinnealey and Fuiek, 1999) 
documented SOR as an independent disorder in adults; Reynolds 
and Lane (2007) described SOR independent of other diagnoses 
in three children. Recent evidence indicates that gifted children 
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Another way to examine diagnostic connections between 
ADHD and SOR is through links with anxiety. Anxiety is a co-
morbid condition associated with 25–33% of children with 
ADHD; higher rates have been noted in children with ADHD 
and co-morbid disruptive behavior disorders such as conduct 
disorder (CD) or oppositional defi ant disorder (ODD) (Pliszka, 
1998; Jensen et al., 2001; Schatz and Rostain, 2006). In addition to 
behaviors such as impulsivity and fearlessness that tend to char-
acterize children with ADHD, these children may also manifest 
behaviors such as moodiness, excessive worry, trouble shifting 
attention, and infl exibility. These characteristics overlap with 
those of anxiety disorders (Levy, 2004). It is unclear what causes 
anxiety in children, and why some, but not all, children with 
ADHD develop patterns of anxiety.

It has long been theorized that anxiety is the result of faulty 
information processing, as well as a hypersensitivity to information 
and stimuli in the environment (Ayres, 1972; Johnson, 1975). Ayres 
further suggested that defi cits in the ability to modulate incoming 
sensory stimuli lead to the manifestation of distractibility, anxi-
ety, and other stress related behaviors. Research in both pediatric 
and adult populations has produced preliminary evidence of links 
between SOR and anxiety. Pfeiffer et al. (2005) administered the 
Sensory Profi le (Dunn, 1999) or the Adolescent/Adult Sensory 
Profi le (Brown and Dunn, 2002) to 46 subjects, ages 6–16, diag-
nosed with Asperger’s syndrome. Using the Revised Children’s 
Manifest Anxiety Scale (Reynolds and Richmond, 2005), they 
found a signifi cant positive relationship between SOR and anxi-
ety for the entire group of children. Using the same anxiety scale, 
Reynolds and Lane (2009) documented a link between SOR and 
anxiety, in children with ADHD. Neal et al. (2002) also found a 
positive relationship between self-reported anxiety and sensitiv-
ity to environmental stimuli in adults ages 17–75. In this study 
scores from the Highly Sensitive Person Scale (Aron and Aron, 
1997) were found to signifi cantly predict anxiety in individuals 
classifi ed with agoraphobia, anxiety/panic, and social phobia (Neal 
et al., 2002).

These investigations indicate that sensory over-responsiveness 
should be a consideration for children with ADHD; that it may 
distinguish between subgroups of children with ADHD; and that 
it is seen in the absence of ADHD. Further, SOR and anxiety have 
been linked, and anxiety and ADHD have been shown to co-exist. 
The current study investigated children with and without ADHD, 
examining the responses to sensory challenge. Our prior work had 
supported a link between cortisol, anxiety, and SOR; goals for this 
study were twofold: (1) determine if children with ADHD and SOR 
(ADHDs) could be differentiated from children with ADHD but 
no SOR (ADHDt), typical children (TYP), and typical children 
with SOR (TYPs) based on neuroendocrine (salivary cortisol) and 
electrodermal markers; (2) assess whether a combination of anxiety, 
physiological and neuroendocrine variables could be used to predict 
membership in one of the groups (TYP, TYPs, ADHDs, ADHDt).

MATERIALS AND METHODS
This study was approved by the sponsoring university’s Institutional 
Review Board prior to beginning subject recruitment. The overall 
research design requested parents and children to complete forms 

refl ecting sensory processing and perceived anxiety prior to lab 
testing. Lab testing used the SCP, the collection of salivary cortisol 
prior to and following the SCP, and the collection of electrodermal 
response (EDR) data during the SCP.

A convenience sample (n = 84) between the ages of 6 and 12 
were enrolled in this study. Thirty-nine children with a diagnosis 
of ADHD were recruited under the guidance of the university’s 
Department of Psychiatry division chair, who verifi ed the diagnosis 
of ADHD through clinical evaluation and/or record review. A con-
trol group (n = 46) without ADHD was recruited through infor-
mational fl yers posted on medical and academic campuses of the 
sponsoring institution and at recreation centers in the metropolitan 
area. Children were considered typical if they had no diagnosis or 
behavioral concerns. Children with psychological diagnoses other 
than ADHD, signifi cant motor impairments such as cerebral palsy, 
or any known endocrine or metabolic dysfunctions were excluded 
from this study. All children were screened for normal intelligence 
(IQ > 70) using a two subtest battery of the Wechsler Abbreviated 
Scale of Intelligence (WASI) (PsychCorp, 1999).

PROCEDURES
Following a telephone screening, the Sensory Over-Responsivity 
Inventory (SensOR) (Schoen et al., 2008), the Revised Childhood 
Manifest Anxiety Scale (RCMAS) (Reynolds and Richmond, 
2005), the informed consent/assent, and a short form request-
ing demographic information such as the child’s age, sex, race, 
and current medication regimen was mailed to the family. Parents 
completed the SensOR and read the RCMAS questions to their 
child so the child could respond. On the day of testing, parents 
brought their child and the completed test forms to the labora-
tory. Prior to physiological testing, the child completed a two 
subtest battery of the WASI to ensure intelligence within normal 
limits. No child scored <70 on the WASI and all children were 
included in the study.

Before collection of the fi rst saliva sample, children rinsed their 
mouths with water, washed their hands and used the lavatory facili-
ties if needed. After becoming comfortable in the lab, the child 
was invited to sit in the testing chair; at this point the fi rst cortisol 
sample was taken. Five surface electrodes were applied to the child’s 
skin; two electrodes were placed on the hand to record electroder-
mal activity, and three were placed across the chest to record heart 
rate (heart rate data not reported here). Electrode accommodation 
to the skin took place as the child watched a 6-min movie clip. 
Following the accommodation period, the second baseline sample 
of cortisol was taken and the SCP was begun. The SCP, designed by 
Miller et al. (2001) involved presentation of a six different sensory 
stimuli in the following order: (1) Classic Tone: Steady tone played 
at 78 decibels; (2) Vision: Strobe light set at 10 fl ashes per second; 
(3) Sound: Recorded fi re engine played at 84 decibels; (4) Smell: 
Wintergreen oil moved back and forth 1″ below the child’s nose; 
(5) Touch: A feather manually stroked from the right ear along the 
chin to the left ear; (6) Movement: The child’s chair electronically 
tipped back and returned to an upright position.

Each stimulus was presented eight times with a variable 10- to 
15-s interval between stimuli. At the end of each sensory domain 
the child was rewarded with a sticker. Timing for the stimuli was 
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items that comprise a Lie Scale or social desirability score (e.g., I am 
always good). A total anxiety score and subscale scores (physiologic 
anxiety, worry/over-sensitivity, and social concern/concentration) 
are calculated. The RCMAS has been shown to have high internal 
consistency reliability and construct validity (Muris et al., 2002). 
High Lie Scale scores may refl ect inaccurate self report, idealized 
sense of self, or inattention during the questionnaire process, pro-
viding a safeguard for child report. No children in the current study 
scored above 13 on the Lie Scale, and therefore, all RCMAS scores 
were considered valid for analysis. Higher scores on the RCMAS 
indicate greater levels of anxiety.

Electrodermal response measures
A measure of eccrine sweat gland activity, EDR refl ect sympathetic 
nervous system responses to sensory stimuli. EDR were assessed 
during a 3-min baseline, throughout the SCP, and during a 3-min 
recovery. The general method of collecting EDR followed the 
procedures recommended by Fowles et al. (1981), and previously 
reported by Miller and colleagues (McIntosh et al., 1999b; Miller 
et al., 1999). Two 5-mm electrodes were applied to the thenar and 
hypothenar surface of the right hand, secured with double-sided 
sticky collars, then wrapped with Coban to ensure that the elec-
trodes remained in place. These locations have previously been 
documented as adequate for recording purposes (Boucsein, 1992). 
The electrodes were attached to a PsyLab SC5 coupler, which 
digitizes skin conductance at the point where electrodes plug into 
the pre-amplifi er, using a 24-bit A-D converter. A constant 0.5 V 
potential was applied across the electrode pair. A low-cut fi lter 
set to 0.2 Hz was used; signals greater than 0.2 are passed without 
distortion with respect to amplitude. The signals were sampled at 
80 Hz, then digitized and stored on a computer. For each subject, 
the electrodermal record was visually checked for movement arti-
fact and questionable responses removed. PsyLab measurement 
software was used for wave detection; specifi c responses were 
taken as occurring between 0.8 and 3.999 s after the stimulus; 
responses before and after this window were considered non-spe-
cifi c responses (NSR). The amplitude of the peaks was measured 
from the point at which the skin conductance increases sharply 
(i.e., baseline) to the point at which the conductance begins to 
fall (i.e., peak). Only peaks greater than 0.05 µΩ (Dawson et al., 
1990) were considered valid.

A variety of measurement parameters of EDR have been used 
to assess tonic and phasic sympathetic activity and response to 
sensation, both of interest in the current study. In this study, 
tonic electrodermal activity, or skin conductance level (SCL) 
was averaged across a 3-min baseline (SCLbase) and during a 
3-min recovery (SCLrec). Tonic activity was also refl ected in the 
number of NSR recorded prior to beginning the SCP (NSRbase), 
and during a 3-min recovery following the SCP (NSRrec). The 
phasic, or reactivity, variables used in the current study included 
magnitude of response to the fi rst stimulus of each domain 
(magOR) and mean response magnitude within each domain 
(e.g., magTactile). As is typical for studies evaluating magnitude 
of skin conductance responses, our magnitude data required 
logarithmic transformation before analysis (Dawson et al., 1990; 
Boucsein, 1992).

monitored through a customized computer program called PsyLab, 
developed by and purchased from Contact Precision Instruments1. 
Following the SCP, seven additional samples of saliva were collected 
at 5-min intervals. During the post-challenge sampling the children 
were told to rest and watch a 30-min silent cartoon.

INSTRUMENTATION AND MEASURES
Sensory over-responsivity scale
The SensOR Inventory (Schoen et al., 2008), a caregiver-report 
tool, identifi es individuals with SOR in one or more of six sensory 
domains: tactile, auditory, visual, olfactory, taste, and vestibular-
proprioceptive. While other scales such as the Short Sensory Profi le 
(McIntosh et al., 1999a) identify general SMDs in children, they 
do not specifi cally identify children with over-responsiveness. The 
SensOR is currently the only scale that clearly differentiates SOR 
from typical responsivity (Schoen et al., 2008). Version 1.4 of the 
SensOR Inventory, used in the current study, is a 76-item ques-
tionnaire, with items falling into eight sensory categories: Tactile-
Textures, Tactile-Activities of Daily Living, Auditory Settings, 
Auditory-Specifi c, Visual, Olfactory, Movement-Proprioceptive, 
and Food-Textures/Eating. For this study, items were re-grouped 
into tactile (tactile-textures + tactile-activities of daily living), 
auditory (auditory settings + auditory specifi c), visual, smell, taste 
(food-textures/eating), and movement (movement- proprioceptive) 
domains. Internal consistency reliability was high within each 
domain (Cronbach’s α = 0.65–0.88). In addition, the SensOR 
Inventory was shown to have strong discriminant validity, distin-
guishing between individuals with and without SOR within each 
domain (p < 0.05–0.001) (Schoen et al., 2008). The SensOR also 
has been shown to have strong concurrent validity with the over-
responsive scales on the Short Sensory Profi le (r = 0.47, p < 0.01). 
We have conducted very preliminary analyses of test–retest reliabil-
ity (n = 11) at 2–3 weeks and 2–3 months and found no signifi cant 
differences for any domains between any testing times (p = 0.143–
0.670), Cronbach’s α levels ranging from 0.691 to 1.00 and interclass 
correlation coeffi cients ranging from 0.824 to 1.00.

Parents completed the SensOR scoring each item as a “1” if 
behaviors or activities “bother” their child, or a “0” if the behav-
iors or activities are not bothersome. Items include such things as 
tags in clothing, cutting toenails or fi ngernails, fl uorescent lights, 
slimy or lumpy foods, sirens or alarms, and going on amusement 
park rides. Subtest and total scores were added by the examiner. 
Domain scores on the SensOR that were greater than two stand-
ard deviations from normative mean in at least one category were 
considered atypical, and children with these atypical scores were 
grouped into the SOR category (ADHDs, TYPs). This method of 
classifi cation had been used during our pilot work, and was useful 
in predicting groups that showed meaningful physiologic differ-
ences (Reynolds et al., 2009).

Revised Children’s Manifest Anxiety Scale
The RCMAS is a 37-item self-report tool used to measure anxiety 
in children ages 6–19 years old (Reynolds and Richmond, 2005). 
It includes 28 items that measure traits related to anxiety, and nine 

1http://www.psylab.com



Frontiers in Integrative Neuroscience www.frontiersin.org March 2010 | Volume 4 | Article 8 | 4

Lane et al. Physiologic differentiation of SOR and ADHD

Salivary cortisol
Subjects were instructed not to eat, drink, chew gum, or brush their 
teeth for 30 min before coming to the lab. Subjects rinsed their 
mouth thoroughly with cold water 5 min prior to beginning sam-
ple  collection. In addition, parents were asked to withhold their 
child’s ADHD medication (if applicable) for 24 h before testing to 
eliminate any potential neurochemical interactions and inter-sub-
ject variation.

Saliva was collected using plain (non-citric acid) cotton Salivettes 
(Sarstedt®). Samples were maintained at room temperature until 
the child’s session was complete, at which time they were labeled 
and frozen at −20°C until analysis. This method of collection and 
storage has been recommended by Salimetrics LLC2.

A well defi ned diurnal rhythm of salivary cortisol has been 
shown in children over 1 year of age (Hiramatsu, 1981; Kiess et al., 
1995). This rhythm is characterized by a steep rise in cortisol levels 
in the fi rst 30–45 min after awakening followed by a steep decrease 
over the next 3 h (Edwards et al., 2001). In the 3–9 h after awaken-
ing cortisol levels have been shown to be most stabilized, slowly 
declining until evening hours (Edwards et al., 2001). Therefore all 
children were tested on non-school days and between the hours 
of 1 pm and 4 pm in attempt to limit variation due to normal 
diurnal patterns. The fi rst baseline cortisol measure was taken 
after the child had completed the WASI, rinsed their mouth out 
with cold water, washed their hands, had their questions answered, 
and were comfortably seated in the mock space chair. A second 
baseline sample was taken after the accommodation period for 
electrode placement. A single baseline cortisol value (cort_bl) 
was obtained by averaging the two collected cortisol baseline 
samples. Changes in cortisol levels take approximately 5 min to 
register and approximately 15–20 min to peak in human saliva 
(Schmidt, 1997; Hiramatsu, 1981). The entire SCP takes approxi-
mately 15–20 min to complete. To capture cortisol responses to 
sensory challenge, seven saliva samples were collected post-SCP at 
5 min intervals. For the purposes of this study, two post-challenge 
measures were considered: cortisol immediately post-challenge 

(cort_0P) and an average of cortisol levels at 25 and 30 min post 
challenge (cort_lastP).. In previous work we had determined that 
these later two cortisol measurements best refl ected group differ-
ences (Reynolds et al., 2009).

Samples were analyzed in duplicate at the General Clinical 
Research Center (GCRC) at Virginia Commonwealth University 
using a high sensitivity salivary cortisol enzyme immunoassay 
kit (HS-Cortisol kit) produced by Salimetrics LLC. All samples 
remained frozen prior to assay and then were centrifuged at 1500×g 
at 3000 rpm/min for 15 min.

RESULTS
SenSOR
All analyses reported were run with the full sample of 84 children. 
The actual n within each analysis varies to some extent due to miss-
ing data. SenSOR scores were used to subdivide TYP and ADHD 
children into two subgroups each: TYP with SOR (TYPs) and with-
out (TYP), ADHD with SOR (ADHDs) and without (ADHDt). 
Scores on the SenSOR refl ect the number of item prompts that 
were “bothersome” to the child. Scores at or above 10 in tactile, 5 
in auditory, 4 in taste, 2 in smell, 2 in visual, and 4 in movement 
were outside of 2SD and qualifi ed the child as having SOR. SenSOR 
raw scores for included are presented in Table 1. TYPs and ADHDs 
groups demonstrated SOR. ANOVA results indicated signifi cant dif-
ferences between groups for all domains [Tactile: F(3,79) = 24.06, 
p < 0.000; Auditory: F(3,79) = 8.21, p < 0.000; Taste, F(3,79) = 8.38, 
p < 0.000; Smell: F(3,79) = 6.96, p < 0.000; Visual: F(3,79) = 11.33, 
p < 0.000; Movement: F(3,79) = 3.79, p < 0.012]. Signifi cant results 
from post hoc comparisons using a Bonferroni analysis are noted 
in Table 1. Note that TYP and ADHDt did not differ from each, 
and TYPs and ADHDs did not differ from each other within any 
domain. Differences within other domains varied.

DEMOGRAPHICS
Analysis of variance indicated that groups did not differ on age, 
race, or ethnicity. The majority of children in all groups were 
white, non-hispanic. Although sex differences between groups 
were not signifi cant [χ2 (3, n = 83) = 5.049, p = 0.168), sex was 
not evenly distributed.

Table 1 | SensOR scores.

SensOR domains (n items) Tactile (28) Auditory (20) Taste (9) Smell (5)* Visual (5)* Movement (9)

TYP (n = 36) 2.86 ± 2.872,3 0.28 ± 0.573 1.19 ± 1.212,3 1.17 ± 1.422,3 0.14 ± 0.353 0.28 ± 0.743

TYPs (n = 9) 8.22 ± 3.831,4 1.44 ± 1.42 3.33 ± 1.804 3.22 ± 2.171,4 1.22 ± 1.09 0.78 ± 0.97

ADHDt (n = 18) 2.83 ± 2.092,3 0.39 ± 0.613 1.44 ± 1.042,3 1.06 ± 1.002,3 0.50 ± 0.863 0.28 ± 0.573

ADHDs (n = 21) 10.09 ± 4.871,4 2.05 ± 2.461,4 3.24 ± 2.641,4 3.05 ± 2.771,4 1.90 ± 1.951,4 1.24 ± 1.811

*Scores that refl ect sensory over-responsivity.
Signifi cant differences as follows:
1Different from TYP: tactile: TYPs, ADHDs (p < 0.0001); auditory: ADHDs (p < 0.0001); taste: TYPs (p < 0.008), ADHDs (p < 0.0001); smell: TYPs (p < 0.025), ADHDs 
(p < 0.003); vision: ADHDs (p < 0.0001); movement: ADHDs (p < 0.014).
2Different from TYPs: tactile: TYP (p < 0.0001), ADHDt (p < 0.002); taste: TYP (p < 0.008), ADHDt (p < 0.052); smell: TYP (p < 0.025), ADHDt (p < 0.034).
3Different from ADHDs: tactile: TYP, ADHDt (p < 0.0001); auditory: TYP (p < 0.0001), ADHDt (p < 0.002); taste: TYP (p < 0.0001), ADHDt (p < 0.01); smell TYP 
(p < 0.003), ADHDt (p < 0.008); vision: TYP (p < 0.0001), ADHDt (p < 0.001); movement: TYP (p < 0.014), ADHDt (p < 0.051).
4Different from ADHDt: tactile: TYPs (p < 0.002), ADHDs (p < 0.0001); auditory: ADHDs (p < 0.002); taste: ADHDs (p < 0.01), TYPs (p < 0.052); smell: ADHDs 
(p < 0.008), TYPs (p < 0.034); vision: ADHDs (p < 0.001); movement: ADHDs (p < 0.051).

2http://www.salimetrics.com/cortisolkitinsert.htm
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IQ was obtained for 84 children included in the fi nal sample. 
All children fell within a typical IQ range, however, there were IQ 
differences between groups [F(3,80), p = 0.019). Bonferroni post 
hoc analysis identifi ed this as a difference between TYPs and ADHSs 
subjects (Table 2).

PHYSIOLOGIC VARIABLES
Physiologic variables were chosen as a refl ection of both tonic and 
phasic responsivity (Table 3). Tonic variables included baseline cor-
tisol (cort_bl), natural log of SCL at baseline (SCLbase), and NSR 
at baseline (NSRbase). Phasic variables examined included natu-
ral log of orienting response magnitude (magOR), mean domain 
response magnitude (e.g., magTactile), natural log of SCL during 
recover (SCLrec) and NSR during recover (NSRrec). In addition, 
post-SCP cortisol measures were included as phasic or response 
variables (cort_0P, cort_lastP).

Multivariate analysis of variance tests were conducted in order 
to examine group differences for both tonic and phasic variables. 
Using baseline cortisol (cort_bl) and EDR variables (SCLbase and 

NSRbase) no between group differences were found. In the analysis 
of phasic measures cortisol and EDR were examined separately 
because they follow a different time course. Examination of pha-
sic EDR magnitude of response within each domain indicated no 
between group differences; no signifi cant differences were found for 
cortisol levels at baseline or following SCP (Figure 1). Using SCLrec 
and NSRrec as refl ections of recovery from the sensory challenge, 
group differences were identifi ed [Wilks’ Lambda F(6,130) = 2.304, 
p < 0.038]. Post hoc Bonferroni analyses indicated differences 
between TYP and ADHDs groups (p < 0.039) for NSRrec.

ANXIETY
The three subscales of the RCMAS were examined to determine 
group differences (RPA: physiologic anxiety; RWO: worry/over-sen-
sitivity; RSCC: social concern/concentration). Multivariate analysis 
of variance indicated a signifi cant group difference [Wilks’ Lambda 
F(9,187.548) = 7.073, p < 0.000). Post hoc analyses are presented in 
Table 3. The subscale anxiety scores for each group are plotted in 
Figure 2. Post hoc analysis using a Bonferroni procedure indicated 
that children with ADHDs differed from TYP children on all scales 
(p < 0.000), and from children with ADHDt on the RPA (p < 0.000), 
marginally on the RWO subscale (p < 0.054), but not RSCC (p = 0.313). 
TYP and ADHDt children were signifi cantly different only for the 
RSCC scale (RPA, p < 0.657; RWO, p < 0.194; RSCC, p < 0.001). TYPs 
children differed from ADHDs on the RPA (p < 0.031), the RWO 
(p < 0.009), and the RSCC (p < 0.036) subscales.

Anxiety is considered clinically relevant when the total score on 
the RCMAS (RTA = total anxiety score) exceeds 19. Overall anxiety 
mean scores are presented in Table 4. While mean scores indicate 
no clinically relevant anxiety, one ADHDt child attained a score 
above 19, and eight ADHDs children attained a score above 19. No 
TYP or TYPs children attained this score.

GROUP CLASSIFICATION
A stepwise linear discriminant analysis was conducted to determine 
if physiologic (EDR), neuroendocrine (cortisol) and anxiety variables 
could meaningfully predict group membership for the sample. We 

Table 3 | Physiologic and neuroendocrine variables and their 

abbreviations.

 Abbreviation

TONIC VARIABLES

Cortisol at Baseline cort_bl

Log skin conductance level at baseline SCLbase

Non-specifi c electrodermal responses  NSRbase

at baseline

PHASIC VARIABLES

Cortisol 0 min post-challenge cort_0P

Cortisol at 25/30 min post-challenge cort_lastP

Log magnitude of electrodermal response  magOR

to fi rst stimulus in each domain

(orienting response)

Log mean magnitude of electrodermal  magTone, magVisual, 

response in each sensory domain magSiren, magSmell,

 magTactile, magMove

Log skin conductance level during recovery SCLrec

Non-specifi c electrodermal  NSRrec

responses during recovery

Table 2 | Demographic information.

 TYP  TYPs  ADHDt  ADHDs

 (n = 36) (n = 9) (n = 18) (n = 21)

Age 102.056  105.55  101.39  101.62

 ± 20.06 ± 25.34 ± 24.00 ± 20.57

SEX DISTRIBUTION

Girls (n) 19 5 5 6

Boys (n) 17 4 13 15

IQ 112.12  118.63  111.18  100.90 

 ± 15.04 ± 9.86* ± 17.54 ± 14.70*

*TYPs and ADHDs, p = 0.039.
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FIGURE 1 | Cortisol levels at baseline and post SCP.
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chose to use tonic and phasic variables for both EDR and cortisol, as 
well as anxiety subscale scores to examine all potential contributors 
to group membership. The stepwise analysis was conducted using 
three methods; forward selection, backward elimination and stepwise 
(forward and backward) options. The forward selection and stepwise 
options selected the same variables to form the linear discriminat-
ing function while the backward elimination procedure selected a 
different set of variables. The variables entered into the analysis for 
consideration for the discriminant function included those refl ecting 
anxiety [physiologic anxiety (RPA), worry/over-sensitivity (RWO) 
and social concern/concentration (RSCC)], natural log of EDR at 
baseline [log of baseline SCL (SCLbase and SCLrec) and number of 
NSR at baseline and recovery (NSRbase, NSRrec)], baseline corti-
sol (cort_bl), natural log of phasic EDR [overall orienting response 
magnitude (magOR), magnitude of natural log values for response 
to tone, visual, siren, smell, touch, movement], and phasic corti-
sol [cortisol immediately post challenge (cort_0P), and cortisol at 
25/30 min post-challenge (cort_lastP)]. Children with missing data 
were excluded from the linear discriminant analysis, resulting in an 
n = 59. The linear discriminant functions derived from the forward 
selection and stepwise procedures are shown in Table 5. As can be 
seen here, only RPA and RSCC contributed to the  function. Based 
on these values, group classifi cation was examined on all children 
for whom these values were available (n = 84). Group classifi cation 
based upon these discriminant functions is shown in Table 6.

The discriminant function allowed us to correctly classify 58.3% 
(21/36) of TYP children, 61.9% (13/21) of ADHDs children, 44.4% 
(8/18) of the ADHDt children and 44.4% (4/9) of the TYPs children. 
On average this discriminating function correctly classifi ed 52.3% 
of the children in the sample.

The linear discriminant function derived from the backward 
elimination procedure is shown in Table 7. As can be seen here, 
RPA, RSCC, NSRbase, SCLrec, magTone, magSiren and magOlf 
all contributed to the function. Based on these values, group clas-
sifi cation was examined on all children for whom these values were 
available (n = 71). Group classifi cation based upon these discrimi-
nant functions is shown in Table 8.

This discriminant function allowed us to correctly classify 74.2% 
(23/31) of TYP children, 72.2% (13/18) of ADHDs children, 50.0% 
(7/14) of the ADHDt children and 62.5% (5/8) of the TYPs children. 
On average this discriminating function correctly classifi ed 64.7% 
of the children in the sample.

When a linear discriminant analysis was conducted with all of 
the physiologic, neuroendocrine and anxiety variables the linear 
discriminant functions for the 59 children with complete data can 
be seen in Table 9. Group classifi cation based upon these discrimi-
nant functions is shown in Table 10.

FIGURE 2 | Anxiety scores. RPA, physiologic anxiety; RWO, worry/over-
sensitivity; RSCC, social concern/concentration; TYP, typical children; TYPs, 
typical children with sensory over-responsiveness; ADHDt, ADHD without 
sensory over-responsiveness; ADHDs, ADHD with sensory over-
responsiveness.

Table 4 | Mean total anxiety scores.

 n Mean ± SD

TYP 35 5.83 ± 3.97

TYPs 9 8.78 ± 3.35

ADHDt 18 10.39 ± 5.36

ADHDs 21 16.67 ± 6.81

Table 5 | Linear discriminant function derived from forward selection 

and stepwise procedure for groups.

Variable TYP ADHDs ADHDt TYPs

Constant −0.59 −6.79 −2.14 −1.96

RPA 0.56 1.67 0.75 0.91

RSCC 0.08 0.73 0.67 0.37

RPA, physiologic anxiety; RSCC, social concern/concentration (n = 59).

Table 6 | Classifi cation results (n = 84).

GROUP Classifi ed  Classifi ed  Classifi ed  Classifi ed  Total

 TYP ADHDs ADHDt TYPs

TYPICAL 21 3 2 10 36

ADHDs 1 13 4 3 21

ADHDt 4 3 8 3 18

TYPs 1 0 4 4 9

Total 27 19 18 20 84

Table 7 | Linear discriminant function derived from backward 

elimination for groups.

Variable TYP ADHDs ADHDt TYPs

Constant −6.84 −16.89 −10.35 −7.93

RPA 0.70 2.19 1.11 1.39

RSCC 0.58 1.31 1.23 0.71

NSRbase −0.16 0.07 −0.06 0.25

SCLrec 0.79 0.97 0.95 0.55

magTone −4.00 −3.65 −4.37 −0.58

magSiren −2.95 −5.74 −4.15 −5.48

magOlf −3.08 −0.15 −1.26 0.41

RPA, physiologic anxiety; RSCC, social concern/concentration; NSRbase, 
non-specifi c electrodermal responses at baseline; SCLrec, natural log of skin 
conductance level at baseline; magTone, magSiren, magOlf, natural log mean 
magnitude of electrodermal response for tone, siren, olfactory, respectively 
(n = 59).
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with variables from all three domains (85.6%) is better than the 
overall classifi cation rate with only the variables from the stepwise 
procedures (52.3 or 64.7%).

It should be noted that since we are classifying the same data that 
was used to derive the discriminating function, these rates are biased. 
One way to reduce this bias is to classify each subject using a discrimi-
nant function computed from all the other children (cross validation). 
When we cross validated our data we were able to correctly classify 
62.5% (15/24) of the TYP children, 58.8% of the ADHDs (10/17) 
children, 25.0% of the ADHDt (3/12) children and 33.3% (2/6) of the 
TYPs children; on average 44.9% of the children (Table 11).

DISCUSSION
ADHD has long been viewed as a heterogeneous diagnostic group, 
and many investigators have examined the current subgroupings 
(i.e., inattentive, hyperactive, combined type) that defi ne these 
children (cf. Barkley, 2001; Milich et al., 2001; Adams et al., 2008). 
Other researchers have considered how comorbid conditions, 
which consistently present in children with ADHD, affect pres-
entation of symptoms and response to treatment. Pliszka (2003) 
suggests that comorbidity with conditions such as CD, ODD, and 
anxiety disorder appear to characterize distinct subtypes of ADHD. 
In the current study we examined a somewhat different aspect of 
ADHD, that related to the processing of sensation. We had previ-
ously documented the existence of SOR in a small group of children 
with ADHD, and suggested that it might serve as a moderating 
variable for ADHD subgroups (Reynolds et al., 2009). Here we sub-
stantiate this fi nding, linking SOR to anxiety, and identify predictor 
variables for SOR.

We successfully classifi ed children with ADHD into two groups: 
with and without SOR. While this is not a new fi nding (Reynolds 
et al., 2009), it is robust. In the current sample 46% of the children 
with ADHD also had SOR. While this is a large percentage, it is 
somewhat lower than that reported by Parush et al. (2007) for tactile 
over-responsivity in boys with ADHD. Sensory processing disorders 
have not routinely been considered in conjunction with ADHD, 
but their identifi cation is becoming more common. Interestingly, 
we were also able to classify our typical children as those with and 
without SOR; in the current sample 20% of our otherwise typical 
children showed SOR. That there are children otherwise considered 
to be “typical” with SOR has been previously indicated (McIntosh 
et al., 1999b; Reynolds and Lane, 2007), but disorders of sensory 
modulation are not currently recognized as an ICD-10 or DSM-IV 
diagnosis (Cheng and Boggett-Carsjens, 2005). Our fi ndings sug-
gest that this should be investigated in greater depth.

The discriminant function allowed us to correctly classify 79.2% 
(19/24) of TYP children, 88.2% (15/17) of ADHDs children, 91.7% 
(11/12) of the ADHDt children and 83.3% (5/6) of the TYPs chil-
dren. On average this discriminating function correctly classifi ed 
85.6% of the children in the sample. So, while the most predic-
tive variables of group membership, based upon the stepwise pro-
cedures, are the anxiety variables RPA and RSCC (forward and 
stepwise analysis), or the anxiety variables RPA and RSCC along 
with EDR variables (NSRbase, SCLrec, magTone, magSiren, and 
magOlf) (backward analysis), the overall correct classifi cation rate 

Table 8 | Classifi cation results (n = 71).

GROUP Classifi ed  Classifi ed  Classifi ed  Classifi ed  Total

 TYP ADHDs ADHDt TYPs

TYPICAL 23 0 3 5 31

ADHDs 0 13 4 1 18

ADHDt 4 2 7 1 14

TYPs 1 1 1 5 8

Total 28 16 15 12 71

Table 9 | Linear discriminant function for groups based upon 

physiologic, neuroendocrine and anxiety variables (n = 59).

Variable TYP ADHDs ADHDt TYPs

Constant −15.10 −26.10 −16.60 −13.92

RPA 0.69 2.23 1.17 1.40

RWO 0.21 0.42 0.15 0.20

RSCC 0.18 0.77 0.99 0.38

NSRbase −0.58 −0.40 −0.39 −0.18

NSRrec 0.31 0.45 0.16 0.28

SCLbase 2.57 2.76 2.14 4.67

SCLrec 0.93 1.00 1.08 0.37

cort_bl 48.38 53.59 48.02 30.17

Cort_0P 75.15 59.72 72.68 61.78

cort_lastP 1.89 5.96 −9.14 5.14

magOR −2.41 −2.25 −0.54 −2.80

magTone −5.78 −5.84 −5.97 −1.60

magVis −2.19 −4.42 −1.90 −2.20

magSiren −4.46 −7.43 −5.28 −6.76

magOlf −3.20 0.95 −1.03 1.55

magTact 1.96 0.41 −0.10 1.53

magMove −0.22 2.55 −0.58 0.96

Table 10 | Classifi cation results (n = 59).

GROUP Classifi ed  Classifi ed  Classifi ed  Classifi ed  Total

 TYP ADHDs ADHDt TYPs

TYPICAL 19 0 3 2 24

ADHDs 0 15 2 0 17

ADHDt 1 0 11 0 12

TYPs 1 0 0 5 6

Total 21 15 16 7 59

Table 11 | Cross-validated classifi cation summary using the linear 

discriminant function.

GROUPSR Classifi ed  Classifi ed  Classifi ed  Classifi ed  Total

 TYP ADHDs ADHDt TYPs

TYPICAL 15 1 6 2 24

ADHDs 1 10 3 3 17

ADHDt 4 2 3 3 12

TYPs 2 1 1 2 6

Total 22 14 13 10 59
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SOR could be described as a “tonic” or steady state characteristic. 
It is a response to every day sensation that is of greater intensity 
or longer duration than would be expected given the nature of 
the stimulus (Miller et al., 2007). Some children with SOR can be 
characterized as passive in their response to sensory input (Dunn, 
1999); they may be withdrawn in an effort to avoid the sensation in 
the environment which they fi nd bothersome (Miller et al., 2007). 
Other children with SOR seek to actively escape sensory input they 
fi nd unpleasant, becoming restless and potentially aggressive in their 
need to avoid sensation. Both groups of children may be hyper-
vigilant within their environment. These observable behaviors of 
SOR parallel those identifi ed in children with ADHD, especially 
the hyperactive-impulsive type, which is characterized by behav-
iors such as fi dgeting with hands or feet, squirming, and diffi culty 
waiting turns (American Psychiatric Association, 2000). Our data 
indicate that SOR and ADHD can be linked, but importantly that 
they are seen separately. Sonuga-Barke (2005) had suggested that 
the hyperactive-impulsive symptoms of ADHD were linked to 
meso-limbic dopamine system differences, impacting motivation 
linked behavioral control. Drawing on this Nigg (2006) described 
these behaviors as related to reactive control, linked to “bottom-up” 
processes that are stimulus driven, and potentially linked to striatal 
or limbic activation. The link to reactive control may also relate to 
SOR. Some children with SOR respond to sensory stimuli they fi nd 
bothersome by striking out or moving to escape the offending input; 
they perceive the input as potentially dangerous and react accord-
ingly. Specifi c CNS loci related to SOR have not been identifi ed.

Not surprisingly, anxiety was identifi ed in children with ADHD. 
This link has been documented by many earlier investigators (e.g., 
Pliszka, 1998, 2000; Jensen et al., 2001). In the current study, chil-
dren with ADHDs differed from typical children on all anxiety 
subscales, indicating a very broad link between anxiety and SOR in 
this subgroup. Of interest to the current study, Jensen et al. (1997) 
suggested that there may be a specifi c subgroup of children with 
ADHD and anxiety that sets them apart from children with ADHD 
but not anxiety; our fi ndings lend support to this suggestion as we 
document that children with ADHDs are different from both typi-
cal children, and from children with ADHD but no SOR. We have 
repeated earlier, preliminary, fi ndings that children with ADHD and 
SOR are more likely to show total anxiety that is clinically relevant 
than are children with ADHD but no SOR (Reynolds and Lane, 
2009). In this study, as well as previously, children with ADHDs 
showed higher anxiety on all subscales of the RSMAS. Hofmann 
and Bitran (2007) had also documented the co-existence of sen-
sory-processing sensitivity and anxiety disorder. These  investigators 
had specifi cally identifi ed social anxiety disorder in adults as linked 
to what we would term SOR. Extending this to children, we found 
that children with ADHD and SOR showed higher anxiety on the 
social concern/concentration subscale when compared to typical 
children, but interestingly not when compared to children with 
ADHD and no SOR. Thus, ADHD appears to be linked with ele-
vated anxiety on social concern/concentration, regardless of sensory 
over- responsivity. Thus, some aspects of anxiety may characterize 
ADHD generally (anxiety related to social concern/concentration), 
while other aspects of anxiety may be more specifi cally tied to 
SOR (physiologic anxiety and possibly worry/over-sensitivity). 

Diagnostically, it is likely that ADHD, SOR, and anxiety disorder 
exist independently, yet overlap consistently in ways that infl uence 
the behavioral presentation of the child (Figure 3).

In considering children with ADHD and anxiety, Levy (2004) pos-
tulated a defi cit in prefrontal cortex/hippocampal synaptic gating, 
allowing access to amygdalar fear reactions. Given that sensory input 
infl uences amygdalar function, the combination of SOR, anxiety, 
and ADHD may have a similar linkage. Levy linked the gating defi cit 
to noradrenergic and serotonergic amygdala responses. Support for 
Levy’s fi nding comes from studies noting that children with ADHD 
and anxiety tend to be poor medication responders, indicating that 
the link with catecholamine dysfunction may not be clear in this 
group (Levy, 2004). Children with ADHD + anxiety have been noted 
to respond to a blend of medication and behavioral intervention. 
The fi nding here that some children with ADHD + anxiety also had 
SOR suggests that there may be more to this group of children than 
has been previously identifi ed. Intervention for SOR takes the form 
of behavioral treatment for the child, along with parent education 
and environmental adaptation (Parham et al., 2007). This approach 
could easily be integrated with current behavioral interventions for 
ADHD, potentially providing a more potent scope of treatment.

Although anxiety in the typical group as a whole did not reach a 
clinically signifi cant level, anxiety subscale scores differed between 
typical children with and without SOR. This fi nding is certainly not 
diagnostic, but rather it provides information on SOR in otherwise 
typical children, and indicates that the relationship between SOR 
and anxiety is not dependent on a diagnosis of ADHD. Based on 
the work of Gray (1975), Royeen and Lane (1992) had suggested 
a link between sensory defensiveness (over-responsivity) and the 
amygdalar fear response. The somewhat elevated anxiety seen in the 
TYPs children in this study lend some support for this. The presence 
of SOR in the absence of other diagnoses has been demonstrated 
by other investigators (Kinnealey and Fuiek, 1999; Mangeot et al., 
2001; Reynolds and Lane, 2007).

FIGURE 3 | Diagnostic groups.
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 nervous system function; links that have been explored by other 
investigators although not in the context of sensory processing 
(Bauer et al., 2002). Using EDR and cortisol variables coupled 
with anxiety measures allowed us to classify children in this 
study better than when anxiety measures were used alone, 
suggesting that a multisystem analysis is best for character-
izing these complex problems. While group differences were 
not statistically significant, children with ADHDs had higher 
cortisol levels than did other groups, at measurement points 
other than baseline; EDR responses varied during the sen-
sory challenge, but were significantly higher in the ADHDs 
group during recovery. EDR is a reflection of activity in the 
sympatho-adrenal-medullary (SAM) system and cortisol is a 
reflection of the HPA system. While both systems are involved 
in the stress response, they are activated differently depending 
on context, and the individual’s perception of context. Both 
systems contributed to the model and added to our ability to 
correctly classify children. However, it is important to note that 
the model used here continues to need refinement. When we 
cross validated our data, our ability to predict was diminished 
to only slightly better than chance. While we still correctly 
classified ∼63% of the TYP children and ∼59% of children 
with ADHDs. Prediction of membership in ADHDt and TYPs 
groups was below chance. Clearly other factors are involved in 
characterizing these groups that remain to be defined. Other 
investigators have indicated that measurement of parasympa-
thetic functions may better differentiate children with ADHD 
(Schaaf et al., 2003; Crowell et al., 2006). We did not analyze 
parasympathetic parameters in this study.

In conclusion, the finding here of a group of children with 
ADHD that is set apart from both typical children and other 
children with ADHD by a combination of SOR and clinically 
relevant anxiety provides new insight into this very different 
group of children with ADHD that warrants consideration. 
While we do not suggest that the presence of SOR is central to 
the diagnosis of ADHD, the presence of SOR symptoms with 
or without anxiety may have different CNS reflections, and 
important implications for prescribing and evaluating treat-
ment. Physiologic differences between groups will need to be 
more deeply investigated, and this will add to our understand-
ing of etiology and treatment. Just as children with ADHD and 
comorbid anxiety respond better to behavioral treatment than 
children with ADHD alone (Pliszka, 2003); children with ADHD, 
anxiety, and SOR may also show more improvements in func-
tion and behavior when treatments target their specific sensory 
modulation deficits along with problems associated with ADHD 
and anxiety.

LIMITATIONS
This study utilized a relatively small convenience sample of children 
with ADHD. Because of our interest in the interaction among vari-
ables, the sample size was small relative to the variables examined. 
Many children were self-referred by parents interested in knowing 
more about their child’s sensory responses and thus the percentage 
of children with both ADHD and SOR may be higher than found 
in the general population. In addition, controlling for secondary 

We set out to determine if children with ADHDs could be dif-
ferentiated from children with ADHD but no SOR (ADHDt) and 
typical (TYP) children based on neuroendocrine and electrodermal 
markers. Examined individually, one differentiating marker was 
identifi ed: EDR non-specifi c response during recovery. Children 
with ADHDs differed from typical children in their ability to 
recover from the sensory challenge. NSR have been linked physi-
ologically to increased tonic arousal (Venables and Christie, 1980). 
The ADHDs children showed over twice as many non-specifi c 
EDA spikes post-challenge, indicative of high arousal levels dur-
ing recovery from sensory challenge. This ongoing behavior may 
be another refl ection of reactive control in this group of children. 
Ognibene (2002) had suggested that children with ADHD could 
be distinguished based on EDR to sensory challenge, although 
he had failed to document differences. Mangeot et al. (2001) had 
documented marginally signifi cant (p < 0.056) differences between 
children with and without ADHD using a similar sensory chal-
lenge. However, in both studies differences were found or expected 
during the sensory challenge, in response magnitude, habituation, 
or orienting. It is possible that the sensory challenge used in our 
study as well as these was insuffi cient to elicit a consistent sym-
pathetic nervous system response. Examination of the paradigm 
is warranted.

Other investigators have examined EDR in children with ADHD, 
although not linked to sensory over-responsiveness. EDR differ-
ences have been documented in children with ADHD with comor-
bid diagnoses of ODD and CD, fi nding in both cases that attenuated 
EDR responses are seen with these comorbidities (McBurnett 
and Lahey, 1994; Crowell et al., 2006). Our investigations dif-
fered in that we excluded children with ODD or CD comorbidity, 
and in our experimental conditions, making direct comparisons 
less meaningful.

Changes in neuroendocrine stress responses alone, refl ected in 
cortisol, did not differentiate statistically between groups in the 
current study. However, patterns of response paralleled what we 
had shown earlier with a smaller sample; cortisol response to SCP 
varies between groups with and without SOR. Due to the time that 
it takes for cortisol to peak in saliva (∼20 min), the post challenge 
cortisol measure taken at 0-min post challenge (cort_0P) is refl ec-
tive of the children’s hormonal stress level in the early minutes of 
the SCP. Interestingly, in the current study all groups had nearly 
equivalent cortisol levels at this time point. However, at 25/30 min 
post-challenge (cort_lastP) cortisol levels were elevated, although 
with considerable more variability, in the TYPs and ADHDs groups 
to a greater extent than in either of the other non-SOR groups. This 
cortisol response pattern in our children with ADHDs had been 
identifi ed in our earlier work, and stands in contrast to other studies 
which found that children with ADHD and externalizing disorders 
tend to show blunted cortisol levels in response to a challenge or 
stressor (King et al., 1998; Hong et al., 2003; van West et al., 2009). 
The children in this study with ADHDt did show a more attenuated 
cortisol response, suggesting that SOR may infl uence the cortisol 
response in children with ADHD.

A primary goal of this investigation was to examine the 
 relationship between behavioral measures of sensory process-
ing, and anxiety, with physiologic measures of autonomic 
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diagnoses in the ADHD group depended on parental report; it is 
possible that these children may have co-morbid conditions that 
were not diagnosed.

The SCP itself may present stimuli that are not suffi ciently 
stressful to consistently elicit stress and sympathetic responses from 
children. Stimuli in this protocol were chosen because they mimic 
daily sensation; the goal was to provide input that challenged the 
sensory processing ability of the children, but did not elicit undue 
stress. The protocol may need to be further explored.

CONCLUSIONS
This study suggests that ADHD should be considered in conjunc-
tion with anxiety and sensory responsivity; both may be related to 
bottom-up processing differences, and defi cits in prefrontal cortex/

hippocampal synaptic gating. A better understanding, both behav-
iorally and physiologically may result in more effective treatment. 
Further investigation is needed.
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