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Study Objectives: Sleep disturbances following traumatic brain injury (TBI) in Veterans are very common and often persist as chronic sequelae. In addition,
sensory sensitivity, ie, discomfort upon exposure to light and noise, is common after TBI. However, the relationship between sleep disturbances and sensory
sensitivity in Veterans following TBI has not yet been examined, yet both are established early markers of neurodegeneration.

Methods: Veterans (n = 95) in the chronic phase of recovery from TBI at the VA Portland Health Care System completed an overnight polysomnography
and provided self-report data on sensory (eg, light and noise) sensitivity, and sleep disturbances. Participants were categorized into four sensory sensitivity
groups: (1) “neither,” neither light nor noise sensitivity (n = 36); (2) “light,” only light sensitivity (n = 12); (3) “noise,” only noise sensitivity (n = 24); and (4) “both,”
light and noise sensitivity (n = 23).

Results: Veterans with TBI reported sleep disturbances that were significantly correlated with the severity of their sensory sensitivity and associated with
posttraumatic stress disorder (PTSD). Multiple linear regression revealed insomnia severity to be the strongest predictor of the relationship between sleep
disturbances and sensory sensitivity. Furthermore, sensory sensitivity was associated with a higher mean heart rate during sleep, even after controlling for
PTSD status.

Conclusions: These data are the first to report the prevalence and association between sensory sensitivity and sleep disturbances in Veterans with TBI.
These data also suggest that the underlying mechanism of the sleep-sensory relationship could be due in part to comorbid PTSD and autonomic nervous
system hyperarousal.
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BRIEF SUMMARY

Current Knowledge/Study Rationale: Traumatic brain injury (TBI) is common in Veterans and is often independently associated with persistent sleep
disturbances as well as sensory (ie, light and noise) sensitivity. The current study sought to correlate sensory sensitivity with sleep disturbances in
Veterans with TBI who have undergone in-laboratory polysomnography.

Study Impact: In Veterans with TBI, sensory sensitivity was strongly correlated with sleep disturbances and posttraumatic stress disorder symptom
severity, and insomnia severity was the strongest predictor of this relationship. Furthermore, sensory sensitivity was associated with an increased
mean heart rate during sleep, even after controlling for posttraumatic stress disorder status. These data suggest the underlying mechanism of the
sleep-sensory relationship could be due in part to comorbid posttraumatic stress disorder and autonomic hyperarousal.

remains unclear, although recent work has implicated a neu-
roanatomical mechanism based on an impaired orexin/hypo-

INTRODUCTION

Each year approximately 2.5 million Americans sustain a
traumatic brain injury (TBI),"? with a significantly higher in-
cidence among military personnel. Although TBI severity can
range from mild, moderate, to severe, ~80% are classified as
mild,> and can be associated with persistent and debilitating
sequelae that prevent the return to normal physical, cogni-
tive, and emotional functioning. Among the most prevalent
and persistent symptoms of TBI are sleep disturbances.*” The
pathophysiology underlying sleep disturbances following TBI
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cretin system.® 'S Additionally, sleep disturbances have been
implicated in the pathogenesis of neurodegenerative disorders
such as Alzheimer disease, a process that may be accelerated
by TBL.'

Light and noise sensitivity are also frequently associated se-
quelae of TBL' Although the association between light/noise
sensitivity and acute TBI was established in 1967 by Jonnson
et al.,'® it was objectively demonstrated in 1984 through sem-
inal work by Waddell and Gronwall in patients with TBI at
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a more subacute time point (eg, 7 to 19 days after injury).”
Later, Bohnen et al., extended these findings through the ob-
jective analysis of sensory sensitivity at a chronic time point, 6
months after injury.?® Further, recent work has highlighted the
importance and prevalence of sensory sensitivity in Operation
Enduring Freedom/Operation Iraqi Freedom (OEF/OIF) Veter-
ans with TBI due to blast exposure.?’ However, the prevalence
of self-reported sensory sensitivity in chronic TBI remains
elusive, in either Veterans or civilians. For example, a civil-
ian sample of 732 subjects with TBI and 120 control subjects
(trauma exposed but without a history of TBI) found that both
light and noise sensitivity were reported in subjects with TBI
1 month after injury, but only light sensitivity persisted 1 year
after injury.”> Furthermore, the correlation between sensory
dysfunction and sleep disturbances following TBI remains un-
explored; yet both are established early markers of neurode-
generative disorders related to TBL.»

The chronic phase of recovery from TBI (eg, > 10 years after
injury), is particularly relevant as functional outcomes can re-
main impaired for at least 10 years after injury.*® Nevertheless,
despite the importance of studying Veterans in the chronic
phase of recovery from TBI, little work has been done inves-
tigating sleep disturbances and sensory sensitivity in Veterans
during this time period. Thus, the purpose of this study is to (1)
assess the prevalence of light and noise sensitivity in Veterans
in the chronic phase of recovery from TBI, and (2) correlate
sensory sensitivity with sleep disturbances using both subjec-
tive and objective measures of sleep.

METHODS

The VA Portland Health Care System (VAPORHCYS) institu-
tional review board approved this project (MIRB #3641) and
all subjects provided verbal and written informed consent prior
to participation.

Overview

Veterans who presented to the VAPORHCS Sleep Clinic be-
tween May 2015 and November 2016 with a medical record-
confirmed TBI were recruited for participation (n = 130).
Subjects were excluded from participation if medical records
did not contain information about the year of their TBI (n = 14)
or if subjects returned unfinished surveys (n = 21). No subjects
were excluded on the basis of their TBI recency, as nearly all
subjects were > 1 year after their TBI (only 1 of the 95 was
between 6—12 months after injury). Thus, a total of 95 Veterans
with a medical record-confirmed TBI and complete data were
included in this study. All subjects provided self-report data on
sleep quality and posttraumatic stress disorder (PTSD) symp-
tom severity, as well as completed an overnight polysomnogra-
phy (PSG) study at the VAPORHCS Sleep Clinic.

Subject Grouping

Subjects’ sensitivity to light and noise was assessed using two
S5-point (0 to 4) Likert scales (0 = “not experienced at all,”
1 =“no more of a problem,” 2 = “a mild problem,” 3 = “a mod-
erate problem,” and 4 = “a severe problem”) that were phrased
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as “light sensitivity, easily upset by bright light” and “noise
sensitivity, easily upset by loud noise.” Subjects were deter-
mined to be light- or noise-sensitive if they scored > 3 on the
respective question (corresponding to moderate to severe sen-
sitivity) and then stratified into four groups: (1) “neither,” no
significant light or noise sensitivity (n = 36); (2) “light,” only
significant light sensitivity (n = 12); (3) “noise,” only signifi-
cant noise sensitivity (n = 24); and (4) “both,” significant light
and noise sensitivity (n = 23).

Retrospective Medical Record Review

A thorough retrospective medical record review was con-
ducted to assess numerous metrics related to TBI and general
health. These included determining (1) the number of TBIs;
(2) the recency of the subjects’ TBI (determined from year of
most recent TBI if > 1 TBI was identified); (3) whether or not
the TBI(s) was caused by blast exposure; (4) whether the TBI
caused loss of consciousness, confusion, posttraumatic am-
nesia, or postconcussive syndrome (PCS); (5) if subjects now
suffer from tinnitus or hearing loss; (6) whether subjects were
Operation Enduring Freedom/Operation Iraqi Freedom (OEF/
OIF) Veterans; (7) anxiety; (8) diabetes; (9) hypertension; (10)
heart disease; (11) lung disease; and (12) medications related to
pain, depression, and heart disease. Additionally, the presence
of sleep apnea was extracted from subjects’ overnight PSG.

Survey Instruments

Insomnia Severity Index

The Insomnia Severity Index (ISI) is a 7-item measure assessing
insomnia severity (ie, difficulty initiating and staying asleep),
with the total score ranging from 0-28.7 Individual items are
5-point Likert scales: 0 = “none,” 1 = “mild,” 2 = “moderate,”
3 = “severe,” 4 = “very severe.” The total scored can be sub-
divided into one of four evenly spaced provisional diagnosis
categories: no insomnia (0—7); mild insomnia (8—14); moderate
insomnia (15-21); and severe insomnia (22-28). In the current
study, subjects were categorized as having insomnia with an
ISI score of > 15 (ie, moderate to severe insomnia). Cronbach
a in our sample was 0.84 (0.79—0.89), which is consistent with
previously reported values.?®

Functional Outcomes of Sleep Questionnaire-10

The Functional Outcomes of Sleep Questionnaire (FOSQ-10)
is a 10-item measure assessing quality of life due to sleep qual-
ity.” Individual items are 4-point Likert scales: 1 = “yes, ex-
treme difficulty,” 2 = “yes, moderate difficulty,” 3 = “yes, a
little difficulty,” 4 = “no difficulty”; however, half of the items
are a 5-point Likert scale that include a rating of 0 = “I don’t do
this activity for other reasons.” The survey has five subscales:
(1) activity level (three items), (2) vigilance (three items), (3)
intimacy and sexual relationships (one item), (4) general pro-
ductivity (two items), and (5) social outcomes (one item).** The
FOSQ-10 score is an average of the five subscales; thus, the
FOSQ-10 has arange of 5-20 with lower values indicating worse
function and higher numbers indicating better function. Cron-
bach a in our sample was 0.87 (0.83—0.91), which is consistent
with previously reported values.”
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Epworth Sleepiness Scale

The Epworth Sleepiness Scale (ESS) is an 8-item measure as-
sessing daytime sleepiness, with a total score ranging from
0-24.7" Individual items are 4-point Likert scales: 0 = “would
never doze,” 1 =“slight chance of dozing or sleeping,” 2 = “mod-
erate chance of dozing or sleeping,” and 3 = “high chance of
dozing or sleeping.” A score > 11 is indicative of abnormal
daytime sleepiness. Internal consistency was 0.86 (0.82—0.90),
which is consistent with previously reported values.’>*

PTSD Checklist DSM-5

The PTSD Checklist DSM-5 (PCL-5)* is a 20-item measure
used for screening and provisionally diagnosing subjects for
PTSD, as well as assessing symptom severity. Individual items
are 5-point Likert scales: 0 = “not at all,” 1 = “a little bit,”
2 = “moderately,” 3 = “quite a bit,” and 4 = “extremely.” Thus,
the total score ranges from 0—80. The survey’s 20 questions
are subdivided into four subscales, or “clusters”: cluster B
(intrusion; 1-5), cluster C (avoidance; 6—7), cluster D (mood
and cognition; 8—14), and cluster E (arousal activity; 15-20).
Cluster A, which was not administered in this study, is a struc-
tured clinical interview (eg, Clinician-Administered PTSD
Scale) and is required for administering an official diagnosis
of PTSD. Thus, subjects in the current study were categorized
as having PTSD based on their PCL-5 cluster criteria,* and
total score (= 33). PCL-5 cluster criteria required subjects to
rate one B item, one C item, two D items, and two E items as 2
(moderately) or higher. Both positive PCL-5 cluster criteria and
total score > 33 were required for PTSD determination. Cron-
bach a in our sample was 0.97 (0.96—0.98), which is consistent
with previously reported values.*

Overnight Polysomnography

All subjects completed an in-laboratory, technician-attended
overnight PSG (ie, type I sleep study). Sleep studies were re-
corded using Polysmith version 9.0 (Nihon Kohden, Tokyo, Ja-
pan). Sleep staging was performed by an American Academy
of Sleep Medicine (AASM)-certified sleep technician and in-
terpreted by a board-certified sleep medicine physician. Stan-
dard parameters as specified by the AASM?* were captured in
the PSG recordings, including electroencephalography, elec-
tromyography of the mentalis muscle, electrooculography (left
and right eyes), electrocardiography, peripheral blood-oxygen
saturation, respiratory movement/effort (thorax and abdomi-
nal), airflow (nasal and oral), auditory (snoring), and body po-
sitioning (right side, left side, supine, prone).

Individual PSG data were analyzed for total sleep time
(TST), time spent in each sleep stage as a percent of TST, num-
ber of sleep stage transitions, sleep efficiency, sleep latency,
wake after sleep onset (WASO), and body position transitions.
TST was calculated by summing the total number of 30-second
epochs scored as non-rapid eye movement (NREM) or rapid
eye movement (REM) sleep and converting to minutes. Sleep
stage transitions were determined by counting the number of
times a patient changed from one sleep stage (wake, N1, N2,
N3, or R) to another stage, with the tally beginning at lights off.
Sleep efficiency was calculated as the percent of time a patient
spent sleeping after initially falling asleep. Sleep latency was
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determined by counting the number of epochs between lights
off and the initial onset of NREM sleep. WASO was deter-
mined to be the length of time in minutes a patient spent awake
after initially falling asleep for the night. Finally, body position
transitions were calculated during sleep, while excluding tran-
sitions that occurred before sleep onset.

Heart Rate

Heart rate was extracted from overnight PSG records and an
average heart rate was determined for each epoch for each sub-
ject. The mean overnight heart rate during NREM sleep was
determined by a weighted average of all epochs scored as ei-
ther stage N2 or N3 sleep to obtain a single average heart rate
during NREM sleep. Stage N2 and N3 sleep were combined
due to the very low percentages in stage N3 sleep alone. Simi-
larly, all epochs scored as either stage R sleep or wake were
averaged to determine an average heart rate during stage R
sleep and wake. All epochs scored as “lights on” (ie, prior to
going to sleep, or after waking) were excluded.

Statistical Analyses

All statistical analyses were performed using R version 3.3.2
(R Foundation for Statistical Computing, Vienna, Austria,
https://www.R-project.org/). For all tests, a value of P < .05
was considered statistically significant. Differences in numeri-
cal variables between sensory sensitivity groups (ie, neither,
light, noise, both) were assessed using a one-way analysis of
variance (ANOVA) with Tukey honestly significant difference
(HSD) post hoc test if warranted. Analysis of categorical data
was performed using a chi-square test with Bonferroni-cor-
rected chi-square post hoc tests when suitable.** When appro-
priate (ie, the expected value in the 2 x 2 contingency table
is <5), we used Fisher exact test with a simulated P value. The
Shapiro-Wilk test was used to assess normality of our data,
of which most of the survey data and all the PSG data did not
meet normality assumptions. However, given that our sample
size exceeded n = 30, and that nonparametric analyses agreed
with parametric analyses (performed concurrently), only para-
metric results are reported, unless specified otherwise.

RESULTS

Sensory Sensitivity, Demographics, and General
Health Parameters

Overall, of the 95 subjects in this study, the prevalence of
Veterans reporting neither light nor noise sensitivity (ie, a
score < 2)—the “neither” group—was 38% (n = 36). The
mean light and noise sensitivity scores for these subjects were
0.75 £ 0.13 and 1.28 £ 0.14, respectively. In contrast, the preva-
lence of Veterans reporting light and/or noise sensitivity (ie, a
score of > 2) was 62% (n = 59). Within this group of partici-
pants, n = 12 (13% overall) reported only light sensitivity—the
“light” group—and had a mean light and noise sensitivity score
of 3.42 + 0.15 and 1.17 + 0.24, respectively. There were n = 24
(25% overall) participants who reported only noise sensitiv-
ity—the “noise” group—and had a mean light and noise sensi-
tivity score of 1.17 + 0.17 and 3.17 + 0.08, respectively. Finally,
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Table 1—Demographic and general health parameters in Veterans with and without sensory sensitivity.

Neither (n = 36) Light (n =12)
Age, years, mean + SD 494 +£15.9 42.0+13.9
BMI, kg/m?, mean + SD 321+6.0 343+9.2
Sex male 34 (94%) 9 (75%)
Race Caucasian 34 (94%) 9 (75%)
Education = some college 29 (83%) 10 (83%)
Exercise > 90 min/wk 25 (69%) 7 (58%)
Anxiety 8 (22%) 2(17%)
Diabetes 4 (11%) 1(8%)
Hypertension 14 (39%) 2(17%)
Heart disease 5(14%) 1(8%)
Lung disease 3 (8%) 0 (0%)
Headaches 20 (56%) 10 (83%)
Sleep apnea 9 (25%) 4 (33%)

Age and BMI were tested using one-way ANOVA, all other variables were tested using chi square. ANOVA = analysis of variance, BMI

SD = standard deviation.

Noise (n = 24) Both (n =23) Statistic P
414+£170 40.6 £13.9 2.138 101
31.4+6.2 31.0+6.2 0.760 519

22 (92%) 21 (91%) 4.070 254
20 (83%) 18 (78%) 4.390 222
20 (83%) 19 (83%) 0.006 1.000
18 (75%) 13 (57%) 2.300 513
7 (29%) 1(4%) 5.116 163
0 (0%) 2 (9%) 2.724 436
8 (33%) 9 (39%) 2.219 528
5(21%) 2 (9%) 1.815 612
4 (17%) 3 (13%) 271 438
18 (75%) 15 (65%) 4.244 236
7 (29%) 7 (30%) 0.402 940

= body mass index,

Table 2—TBI characteristics and PTSD status in Veterans with and without sensory sensitivity.

Neither (n = 36) Light (n=12)

Number of TBIs, mean + SD 19+1.0 1.7+13

Years since TBI, mean £ SD 219+1838 20.1+18.8
PCS 13 (36%) 8 (67%)
LOC 16 (44%) 5 (42%)
Confusion 10 (28%) 4 (33%)
PTA 6 (17%) 3 (25%)
Blunt injury 8 (22%) 2 (17%)
Blast injury 10 (28%) 3 (25%)
Hearing loss 10 (28%) 3 (25%)
Tinnitus 19 (53%) 4 (33%)
OEF/OIF 14 (39%) 4 (33%)
PTSD 8 (22%) 4 (33%)

Noise (n = 24) Both (n =23) Statistic P
25+17 3743 2.966 .036
171+ 156 18.1+£154 0.442 724
16 (67%) 13 (57%) 6.925 074
16 (67%) 10 (44%) 3.826 281
14 (58%) 13 (57%) 7.871 .049
4 (17%) 5 (22%) 6.925 074
8 (33%) 7 (30%) 1.698 637
9 (38%) 13 (57%) 5.827 120
10 (42%) 13 (57%) 5.950 114
18 (75%) 22 (96%)* t 18.470 <.001
11 (46%) 15 (65%) 4919 A78
15 (63%)* 22 (96%)* t 33.060 <.001

Number of TBIs and TBI Recency were tested using one-way ANOVA; all other variables were tested using chi square. * = P < .05 versus

Neither; = P < .05 versus Light. LOC =

loss of conscious, OEF/OIF = Operation Enduring Freedom/Operation Iraqi Freedom, PCS = postconcussive

syndrome, PTA = posttraumatic amnesia, PTSD = posttraumatic stress disorder, SD = standard deviation, TBI = traumatic brain injury.

n = 23 participants (24% overall) reported both light and noise
sensitivity—the “both” group—and had a mean light and noise
sensitivity score of 3.62 + 0.11 and 3.43 £ 0.11, respectively.

There were no differences across groups in any of the de-
mographic and general health parameters analyzed (Table 1).
Additionally, given that a common side effect of many medica-
tions is light and/or noise sensitivity, we found no differences
across groups during the retrospective medical record review
in the usage of prescribed opioids, benzodiazepines, bupro-
pion, and tricyclic antidepressants (data not shown).

TBI Characteristics

The TBI characteristics of our cohort are shown in Table 2
Notably, the mean duration elapsed following TBI was, on av-
erage, approximately 15-20 years, and all TBIs were classified
as “mild” in severity. Participants with both light and noise sen-
sitivity sustained approximately twice as many TBIs compared
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to participants with no sensory sensitivity (P = .040). There
were no other differences among groups stratified by levels of
light/noise sensitivity other than presence of tinnitus, which
was reported in 96% of participants with both light and noise
sensitivity compared to Veterans without sensory sensitivity
(53%; P = .008). There was no difference in the proportion
of subjects across groups reporting a blast exposure or blunt
force-related TBI.

Sensory Sensitivity and Sleep Disturbances

Participants with both light and noise sensitivity reported
worse sleep disturbances on the ISI, FOSQ-10, and ESS than
participants without sensory sensitivity. These relationships
were particularly strong for the ISI and FOSQ-10. The mean
ISI score (Figure 1A) was higher in subjects with both light
and noise sensitivity compared to those without sensory sen-
sitivity (P < .001) and only noise sensitivity (P = .011), but
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Figure 1—Sleep disturbances are associated with sensory sensitivity in Veterans with TBI.
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Symptom severity for (A) insomnia, determined by ISI score (0-28, higher = worse insomnia), (C) functional outcomes of sleep, determined by the FOSQ-10
(5-40, lower = worse outcomes), and (E) daytime sleepiness, determined by ESS score (0-24, higher = worse daytime sleepiness) is shown stratified by
self-reported sensory sensitivity in Veterans with TBI: No sensory sensitivity (open bars, n = 36), only light sensitivity (light gray bars, n = 12), only noise
sensitivity (dark gray bars, n = 24), and both light and noise sensitivity (filled bars, n = 23). Significantly worse scores on ISI, FOSQ-10, and ESS were seen
in subjects reporting greater sensory sensitivity to light and noise (one-way ANOVA for ISI (P < .001), FOSQ-10 (P < .001) and ESS (P =.026); * = P < 0.05
versus Neither; T = P <.05 versus Light; 3 = P < .05 versus Noise). The correlation between individual light and noise sensitivity scores and corresponding
ISI (B), FOSQ-10 (D), and ESS (F) scores. Thus, there are n = 95 data points for both light sensitivity versus ISI, FOSQ-10, and ESS scores, and noise
sensitivity versus ISI, FOSQ-10, and ESS scores. Data points are nudged slightly for illustrative purposes to prevent overlap between duplicate light and
noise sensitivity scores. ANOVA = analysis of variance, ESS = Epworth Sleepiness Scale, FOSQ-10 = Functional Outcomes of Sleep Questionnaire-10,
ISI = Insomnia Severity Index, TBI = traumatic brain injury.

not different compared to those with only light sensitivity ~ with both light and noise sensitivity were categorized as hav-
(P = .262). With regard to insomnia severity, 83% of subjects ing moderate (ISI score = 15-21) or severe (ISI score = 22-28)
(10/12) with only light sensitivity, and 91% of subjects (21/23)  insomnia, compared to approximately 50% of subjects without
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Figure 2—PTSD symptom severity is associated with sensory sensitivity in Veterans with TBI.
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(A) PTSD symptom severity determined by PCL-5 score (0-80, higher = worse PTSD) stratified by self-reported sensory sensitivity in Veterans with TBI: no
sensory sensitivity (open bars, n = 36), only light sensitivity (light gray bars, n = 12), only noise sensitivity (dark gray bars, n = 24), and both light and noise
sensitivity (filled bars, n = 23). Significantly worse scores on PCL-5 were seen in subjects reporting greater sensory sensitivity to light and noise. One-way
ANOVA for PCL-5 (P <.001); * = P < .05 versus Neither; T = P < .05 versus Light; £ = P < .05 versus Noise. (B) The correlation between individual light and
noise sensitivity scores and corresponding PCL-5 scores. Thus, there are n = 95 data points for both light sensitivity versus PCL-5, and noise sensitivity
versus PCL-5. Data points are nudged slightly for illustrative purposes to prevent overlap between duplicate light and noise sensitivity scores. ANOVA =
analysis of variance, PCL-5 = PTSD checklist for DSM-5, PTSD = posttraumatic stress disorder, TBI = traumatic brain injury.

sensory sensitivity and only noise sensitivity. Light and noise
sensitivity were positively correlated with ISI score (P <.001),
r=.47 and r = .39, respectively (Figure 1B).

Similarly, the mean FOSQ-10 score (Figure 1C) was lower
(ie, worse) in subjects with both light and noise sensitivity
compared to those without sensory sensitivity (P <.001), only
light sensitivity (P =.024), and only noise sensitivity (P =.041).
Furthermore, both light and noise sensitivity were negatively
correlated (P < .001) with FOSQ-10 score (lower FOSQ-10
scores = worse outcomes), » = —35 and r = —.35, respectively
(Figure 1D).

Finally, the mean ESS score was significantly (P = .02)
higher (ie, worse) in subjects with both light and noise sensitiv-
ity compared to those without sensory sensitivity (Figure 1E),
and light sensitivity was positively correlated (P < .01) with
ESS score, r = .26 (Figure 1F).

Predictors of Sensory Sensitivity in Veterans With TBI

Multiple linear regression analysis indicated that ISI total
score was the strongest predictor (using: age, TBI recency, the
number of TBIs, ISI score, and whether or not subjects had
PTSD as specific predictor variables) for both light (B = 0.106;
P < .001) and noise sensitivity (f = 0.046; P = .043). In ad-
dition, the number of TBIs and whether or not subjects had
PTSD were additional contributing factors for noise sensi-
tivity. This is consistent with the fact that PTSD is a known
contributor to generalized sensory sensitivity, and there was a
significant difference (% = 33.06; P <.001) in the proportion of
Veterans with comorbid PTSD across our sensory sensitivity
groups (Table 2). Likewise, the mean PCL-5 score was signifi-
cantly higher in Veterans with both light and noise sensitivity
(Figure 2A) compared to Veterans without sensory sensitivity
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(P <.001), only light sensitivity (P <.001), and only noise sen-
sitivity (P = .004). Additionally, mean PCL-5 total scores were
significantly higher in Veterans with only noise sensitivity
compared to those without sensory sensitivity (P < .001). Fi-
nally, both light and noise sensitivity were positively correlated
(P <.001) with PCL-5 total score, » = .46 and r = .62, respec-
tively (Figure 2B). We also performed regressions with PCL-5
cluster scores as predictor variables and there were no signifi-
cant predictors on light sensitivity score, although cluster B was
trending (“intrusive thoughts”; f = 0.082; P =.053). In contrast,
cluster E (“arousal”) was positively associated with increased
noise sensitivity (B = 0.115; P = .001), which was driven spe-
cifically by question 18, “In the past month, how much were
you bothered by...Feeling jumpy or easily startled,” (B = 0.501;
P <.001). Of note, the finding that ISI score was positively cor-
related with sensory sensitivity remained significant even after
controlling for the potential contribution of PTSD.

Polysomnography

There were no differences across sensory sensitivity groups
in parameters related to sleep-wake staging (Table 3). The
only exception here was for the arousal index, which showed
a significant omnibus effect, but no significant post hoc group
comparisons.

Heart Rate

Heart rate data were extracted from each subject’s overnight
PSG. Mean heart rate during NREM sleep (P =.05), REM sleep
(P =.004), and wake (P = .01) was significantly higher among
Veterans with TBI, PTSD, and sensory sensitivity, compared
to Veterans with TBI and PTSD without sensory sensitivity
(Figure 3). The medical chart was examined for concurrent
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Table 3—Polysomnography metrics in Veterans with and without sensory sensitivity.

Neither (n = 36) Light (n = 12)

TST, minutes 306.0 £ 74.4 3325+ 76.3
Sleep latency, minutes 55.0+52.0 43.0+254
Sleep efficiency, % 720+ 14.8 794 £14.0
WASO, minutes 23.3+13.0 16.3+£12.5
Body position changes/h 0.99+0.74 0.50 £ 0.35
Arousal index, events/h 236171 50.2 £ 64.7
Sleep stage transitions 847.2 £83.8 827.1+£93.0
Sleep stage, % TST

Wake 2716+14.6 20.3+13.7

Stage N1 sleep 109+54 10557

Stage N2 sleep 472147 481 +164

Stage N3 sleep 1.7+£35 46+438

NREM sleep total 59.8 +13.3 63.3+13.3

Stage R sleep 13+74 15.0+ 6.6

Noise (n = 24) Both (n =23) Statistic P
3105+ 94.2 310.9 £ 110.2 0.268 848
67.6 £47.1 36.1+25.3 2.292 .084
71.7+19.2 73.8+21.0 0.630 597
2214199 229+204 0.555 646
0.91+0.78 1.14 £ 0.89 1.980 A23
21.7+16.8 240+216 2.755 .048
844.6 £ 163.8 817.5+157.7 0.297 .880
272+16.9 258+205 0.626 .600
99+38 95+44 0.475 701
441 +£15.7 46.4 +14.8 0.273 845
44+6.1 47+7.0 2.135 101
58.3+15.3 60.5+16.5 0.317 813
121+72 122+ 8.1 0.782 507

Values are presented as mean + standard deviation. NREM = non-rapid eye movement, TST = total sleep time, WASO = wake after sleep onset.

medication usage as a possible contributor to group differences
in heart rate. We determined that the increased heart rate in
Veterans with TBI, PTSD, and sensory sensitivity was not due
to medications, including beta-blockers, amphetamines, and
thyroid-stimulating medications (ie, medications known to
have a significant effect on heart rate). Accordingly, these data
suggest the presence of sensory sensitivity in Veterans with
TBI is a significant contributor to an elevation in heart rate,
beyond the effect of PTSD and medications.

DISCUSSION

The purpose of this study was to (1) assess the prevalence of
light and noise sensitivity in Veterans with TBI, and (2) cor-
relate sensory sensitivity with sleep disturbances using both
subjective and objective measures of sleep. We found that the
presence of moderate to severe light and/or noise sensitivity
was present in 62% of our sample of Veterans with chronic
TBI. Sensory sensitivity, particularly in Veterans with both
light and noise sensitivity, was significantly associated with
worse self-reported sleep (via the ISI, FOSQ-10, and ESS). In-
terestingly, these subjective data were in contrast to objective
PSG, which showed no differences in any parameters across
sensory sensitivity groups. However, there was a significantly
higher mean heart rate during NREM and REM sleep in sub-
jects with both light and noise sensitivity that remained signifi-
cant after controlling for medications that affect heart rate and
diagnosis of PTSD. Total ISI score was the strongest predictor
of sensory sensitivity in Veterans with TBI.

Sensory Sensitivity and Traumatic Brain Injury

Although most people recover from the effects of TBI within
days to weeks after injury,*”* it is not uncommon for postcon-
cussive symptoms, including light and noise sensitivity to per-
sist > 6 months after injury and become a chronic ailment.?*¥
However, chronic light and noise sensitivity are largely based
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Figure 3—Sensory sensitivity is associated with elevated

heart rate during NREM and REM sleep.

75 *
O Neither + PTSD, n =8

M Both + PTSD, n =21
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Mean heart rate recorded during subjects’ overnight polysomnography,
separated for NREM sleep (P = .05), REM sleep (P = .004), and Wake
(P =.01), is shown comparing Veterans without sensory sensitivity and
with PTSD (open bars, n = 8) compared to Veterans with both light and
noise sensitivity, and PTSD (filled bars, n = 21). These data suggest
sensory sensitivity is associated with elevated heart rate irrespective
of PTSD status. Students two-tailed ¢ test, * = P < .05. NREM = non-
rapid eye movement, PTSD = posttraumatic stress disorder, REM = rapid
eye movement.

on anecdotal reports as previous work investigating persistent
light and noise sensitivity post-TBI has generally limited the
time after injury to 1 year or less, and the outcome of these
studies is inconclusive.*” For example, in a civilian sample
of 732 subjects with TBI and 120 control subjects (trauma-
exposed but without a history of TBI), both light and noise
sensitivity were reported in subjects with TBI 1 month after
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injury, but only light sensitivity persisted 1 year after injury.?
Similarly, work by Dischinger et al. showed light and noise
sensitivity to be highly correlated in the acute phase of TBI,
but noise sensitivity was the strongest predictor of subsequent
PCS 3 months after injury.*!

More recently, Callahan et al. showed significant light and
noise sensitivity in a younger sample of blast-exposed OEF/
OIF Veterans (mean time post-TBI of approximately 3.5
years).”! Mean light and noise sensitivity scores (measured on
a 0—4 Likert scale) in subjects with TBI were 2.00 + 1.15 and
2.5+ 1.19, respectively.” These values compare very well to the
current study where the mean light and noise sensitivity scores
across all subjects (n = 95) was 1.85 + 1.46 and 2.24 + 1.23, re-
spectively. This is particularly notable considering subjects in
the current study were assessed at a significantly longer time-
point following TBI (approximately 15-20 years after injury).
Although on a 0—4 Likert scale, a score of 2 suggests only a
mild problem, 62% of the 95 subjects in the current study (59
subjects) reported a 3 or higher for sensitivity to light and/or
noise, indicating moderate to severe sensitivity.

Data from the current study also compare favorably to work
by Goodrich et al. which demonstrated that 51% (44/86) of Vet-
erans with TBI reported light sensitivity.* Interestingly, Go-
odrich et al. also showed a significantly increased prevalence
of light sensitivity in Veterans with a blast-related TBI (31/46
subjects; 67%) compared to Veterans without a blast-related
TBI (13/40 subjects; 33%). Although there was no statistical
difference in the proportion of subjects across groups in the
current study that reported prior blast exposure, there was a
twofold increase in the prevalence of blast exposure in those
with both light and noise sensitivity compared to no sensory
sensitivity. Blast-related injury has been identified as a poten-
tial confounding variable in the literature® and despite the lack
of statistical significance in the current study, it remains of
interest. Additionally, the proportion of subjects with a blunt
force-related injury was also not significantly different in the
current study.

Sensory Sensitivity and PTSD

Although sensory sensitivity associated with PTSD is a
common anecdotal occurrence, there is a surprising lack of
research in the literature specifically addressing this relation-
ship. However, the unadjusted odds ratio in a sample of 13,746
Veterans (9,998 with TBI), were 2.30 and 2.42 for TBI and
PTSD, respectively, in predicting multisensory (auditory, vi-
sual, and vestibular) impairment.** Furthermore, recent work
demonstrated that PTSD is independently associated with an
increased prevalence of postconcussive symptoms and that
comorbid TBI and PTSD are associated with a significantly
higher prevalence of postconcussive symptoms.” Taken to-
gether, light and noise sensitivity should not be surprising
findings associated with PTSD, and there is considerable sup-
port for subjects with comorbid TBI and PTSD to demonstrate
significantly worse sensory impairment. In support of this is
recent work by Goodrich et al. that shows the prevalence of
light sensitivity is significantly higher in Veterans with comor-
bid TBI and PTSD (31/38 subjects; 82%), compared to those
with only TBI (13/48 subjects; 27%).*® Additionally, previous
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work in a sample of 1,114 of civilians with TBI demonstrated
that subjective light and noise sensitivity were significant in-
dependent predictors of PTSD symptomology.”’” The authors
speculated that the presence of light and noise sensitivity per-
petuated subject’s awareness of their traumatic event/injury,*
while impeding fear extinction through second-order condi-
tioning.* Alternatively, light and noise sensitivity might have
also impeded fear extinction, and led to the exacerbation of
PTSD by impairing sleep.™*'

Sensory Sensitivity and Sleep: Autonomic Nervous
System Hyperarousal

Although PTSD symptom severity was the strongest predictor
of sensory sensitivity in Veterans with TBI, the current study
also shows that subjects with TBI-related sensory sensitivity
have a higher mean heart rate during NREM and REM sleep,
independent of PTSD status. These data suggest the possibil-
ity that subjects with sensory sensitivity have a higher level of
basal sympathetic nervous system outflow, compared to their
nonsensory sensitive counterparts. This apparent “autonomic
nervous system (ANS) hyperarousal” is a well-known disrup-
tor of sleep and thus, aligns with the finding that subjects with
worse sensory sensitivity also demonstrate worse sleep distur-
bances.”' Other factors known to be associated with increased
sympathetic nervous system activity, such as obstructive sleep
apnea (OSA), body mass index, and relative fitness level were
evenly distributed across groups in the current study and there-
fore are unlikely to explain these differences in mean heart rate
during NREM and REM sleep. Although our current data only
just scratch the surface of potential ANS hyperarousal mecha-
nisms, future work could explore these phenomena using other
established markers of sympathetic outflow (eg, muscle sym-
pathetic nerve activity, heart rate variability).

Sensory Sensitivity and Sleep: Neurodegeneration

TBI is a known environmental risk factor in the develop-
ment of neurodegenerative diseases including Alzheimer
disease, Parkinson disease, amyotrophic lateral sclerosis,
and frontotemporal dementia.'3*3* Sleep disturbances may
play a direct role in the pathogenesis of neurodegenera-
tion, in light of recent data implicating sleep in facilitating
the clearance of specific physiologic waste products (eg,
amyloid-f) via the glymphatic system.> " Impaired sensory
processing (ie, vision, audition, or olfaction), which may en-
compass hypersensitivity to these sensory inputs, may be
another early marker of neurodegeneration.”?* Thus, the
relationship between sleep and sensory dysfunction following
TBI may be an important early predictor of neurodegeneration.

Limitations

There are several limitations to the current study that warrant
further discussion. First, the study utilizes exclusively self-
reported information for light and noise sensitivity, without an
objective assessment of sensory sensitivity. With the excep-
tion of two initial studies'** objectively documenting light and
noise sensitivity following TBI, due to methodological limita-
tions and ultimately relevance to the patient, most work in this
area has relied on self-report data. Future work could seek to
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compare objective and self-report data in parallel. Second, our
finding of elevated mean heart rate during sleep, while intrigu-
ing, is merely suggestive of ANS hyperarousal. Caveats to our
heart rate finding include the small sample size, the necessity
for a more detailed medical history regarding hypertension
and heart disease, and the high prevalence and severity of OSA
across groups. Further confirmatory measures of sympathetic
outflow (ie, muscle sympathetic nerve activity, heart rate vari-
ability, etc.) in a larger sample of Veterans are warranted.

CONCLUSIONS

The current study is the first to report the high prevalence of
sensory sensitivity in a cohort of Veterans in the chronic phase
of recovery post-TBI (approximately 15-20 years after injury).
We found that those with TBI who reported greater sensory
sensitivity also showed worse self-reported sleep disturbances
(via the ISI, ESS, and FOSQ-10), and a higher prevalence and
severity of PTSD (via the PCL-5). Additionally, we found pre-
liminary evidence for autonomic hyperarousal via an increase
in mean heart rate during sleep even after controlling for PTSD
status. Interestingly, the strongest predictor for sensory sensi-
tivity in patients with TBI was subjects’ total ISI score. Under-
standing the relationship between sensory sensitivity and sleep
in this vulnerable population may help to drive these patients’
clinical treatment plans given that both light and noise sen-
sitivity were strongly associated with high rates of insomnia
and daytime sleepiness. These findings may also help identify
better early predictors of neurodegeneration as well as more
multidisciplinary approaches to potential therapies.

ABBREVIATIONS

ANS, autonomic nervous system

ESS, Epworth Sleepiness Scale

FOSQ-10, Functional Outcomes of Sleep Questionnaire-10

ISI, Insomnia Severity Index

LOC, loss of conscious

NREM, non-rapid eye movement

OEF/OIF, Operation Enduring Freedom/Operation Iraqi
Freedom

OSA, obstructive sleep apnea

TBI, traumatic brain injury

PCL-5, PTSD checklist for DSM-5

PCS, postconcussive syndrome

PSG, polysomnography

PTSD, posttraumatic stress disorder

REM, rapid eye movement

TST, total sleep time

WASO, wake after sleep onset
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