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challenges.9 Investigations attempting to identify potential pre-
disposing factors to insomnia have focused on the response to 
challenges of the sleep system in non-insomnia subjects. Bon-
net and Arand demonstrated that sleep reactivity to diverse 
challenges appears to be a stable trait characteristic of certain 
individuals.10 Specifically, certain individuals were found to be 
particularly vulnerable to experiencing sleep disturbance when 
exposed to challenges known to disrupt sleep (e.g., caffeine, 
circadian phase advance).

We have investigated the possibility that this specific char-
acteristic—sleep reactivity—may be a predisposing factor for 
insomnia.2 Sleep reactivity is a term used to delineate the de-
gree of sleep disruption in response to various challenges. We 
propose that normal sleeping individuals who show an exag-
gerated response to stimuli known to disturb sleep are predis-
posed to subsequently develop an insomnia disorder. We have 
developed and validated a tool, the Ford Insomnia Response to 
Stress Test (FIRST), to a priori identify individuals with this 
exaggerated sleep disruption in response to challenges.11 Based 
on patient and normal volunteer reports, this 9-item measure 
has been shown to predict polysomnographic (PSG) responses 
to diverse challenges, including a disruptive first night effect in 
the sleep laboratory11 and the sleep effects of low dose caffeine 
administration.12 Importantly, despite significant sleep disrup-
tion in response to a first night challenge in the laboratory, reac-
tive individuals were hyperaroused the following day.11

Numerous studies provide evidence for cognitive and physi-
ological hyperarousal in people with insomnia.13,14 This hyper-
arousal has been measured with both autonomic (elevated heart 
rate, increased sympathetic and decreased parasympathetic ac-
tivation)15,16 and hypothalamic-pituitary-adrenal axis activity 

INTRODUCTION
One of the most influential heuristic models of the evolution 

of insomnia is the 3P model of insomnia developed by Spielman 
and colleagues.1 This model provides a useful framework for 
understanding insomnia and includes predisposing, precipitat-
ing, and perpetuating factors that are proposed to play impor-
tant roles in the initiation and maintenance of the disorder. It has 
been proposed that stress is a common precipitant of an insomnia 
disorder and that learned behaviors such as poor sleep hygiene 
and maladaptive cognitions (e.g., extended bedtime, substance 
use, catastrophizing) serve to perpetuate the sleep disturbance.1 
In contrast, predisposing factors are present before insomnia is 
manifested and are hypothesized to interact with precipitating 
factors over time to increase the risk of insomnia in vulnerable 
individuals. However, for these and other reasons predisposing 
factors are arguably the least well understood.2

Findings from both retrospective and prospective studies 
have demonstrated that life stressors are associated with the 
development of new onset insomnia3-5 and stress exposure cor-
relates with sleep disturbance.6,7 It has also been observed that 
insomniacs report an increased stress response8 and have in-
creased physiological responses (heart rate reactivity) to stress 
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sleep as well as sleep reactivity, each of which may be an in-
dependent and differentially heritable component of the overall 
disorder. Although sleep reactivity, an inherent responsivity of 
the sleep system to stimuli, is thought to reflect a trait sleep re-
sponse to diverse stimuli, there have been no previous examina-
tions of the potential genetic components of this construct and 
how they may overlap with sleep disturbance. Thus, the aims 
of the present study were to (1) estimate the overall heritability 
of sleep reactivity; (2) estimate the heritability of insomnia per 
se and its separate sleep disturbance symptoms as delineated in 
diagnostic nosologies for the disorder; and (3) examine the ex-
tent to which genetic and environmental influences on insomnia 
overlap with those for sleep reactivity.

METHODS

Participants
Participants were 1782 individual twins (723 male; 1059 

female) from the ongoing Colorado Longitudinal Twin Study 
and Community Twin Study32 who had completed the online 
sleep questionnaire at the time of analyses. The response rate 
for the study was 65%. The average age was 22.5 years (SD = 
2.8; range = 18 to 30). An additional 22 women who reported 
sleep disturbances due to being pregnant or breastfeeding were 
excluded from analyses.

Zygosity was determined through tester ratings (repeated for 
individuals in the longitudinal sample) combined with DNA 
genotyping. Participants came from 1038 families (196 mono-
zygotic [MZ] male, 298 MZ female, 149 dizygotic [DZ] male, 
187 DZ female, 207 DZ opposite-sex twins and one pair of un-
determined zygosity (not included in the genetic analyses). In 
744 of these families, both twins participated (135 MZ male, 
242 MZ female, 91 DZ male, 148 DZ female, 128 DZ opposite-
sex pairs); the remaining 294 participants whose co-twins had 
not completed the survey were included in the genetic analyses 
because they contributed information about variances and bi-
variate correlations. Participants were compensated $20. All re-
search protocols were reviewed and approved by the University 
of Colorado’s Investigational Review Board.

Materials, Design, and Procedure

Measures
FIRST: The validated form of the FIRST11 asked how likely 

(1 = not likely; 2 = somewhat likely; 3 = moderately likely; 4 = 
very likely) the participant was to have difficulty sleeping under 
nine situations: before an important meeting the next day, after a 
stressful experience during the day, after a stressful experience in 
the evening, after getting bad news during the day, after watching 
a frightening movie or TV show, after having a bad day at work, 
after an argument, before having to speak in public, and before 
going on vacation the next day. Participants were asked to rate 
the likelihood even if they had not experienced the situation re-
cently. The dependent measure was the sum of the 9 items.

Insomnia questions
Participants indicated how often in the past month (never, 

sometimes, usually, or always) they experienced 3 sleep prob-
lems: difficulty falling asleep, difficulty staying asleep, and hav-

(elevated cortisol, increased norepinephrine, increased adre-
nocorticotrophic hormone).16-18 Importantly, these effects oc-
cur during wake as well as sleep.15 Elevated arousal (i.e., high 
heart rates and sympathetic activation) is also a characteristic 
of individuals with high sleep reactivity.10 Recently, Fernan-
dez-Mendoza and colleagues showed that elevated somatic 
and cognitive arousal as well as arousability is related to high 
FIRST scores, and that despite normal sleep, individuals with 
high FIRST scores had arousal levels similar to those with in-
somnia.19 Thus, converging evidence suggests the link between 
individuals with elevated sleep reactivity and people with in-
somnia is hyperarousal. While the etiology of sleep reactivity 
and hyperarousal has yet to be identified, we hypothesize that 
elevated sleep reactivity predisposes individuals to the subse-
quent development of insomnia.

In conjunction with research aimed at identifying specific 
predisposing factors for insomnia, studies have also begun to 
uncover evidence for a genetic component of insomnia.20-22 A 
number of family studies have provided evidence for a pos-
sible genetic basis for insomnia.23-26 Twin studies have also 
shown substantial heritability of insomnia and individual 
symptoms,20-22,27,28 although several studies used single items to 
define insomnia and/or did not include impairment criteria to 
define an insomnia disorder. Specific genotypes that account 
for some phenotypic variance, such as the serotonin transport-
er, have been identified and suggest that genetic underpinnings 
might be identified.29 However, a genetic basis for the charac-
teristic of sleep reactivity as assessed by the FIRST and other 
measures of sleep reactivity has yet to be demonstrated. Due 
to the genetic underpinnings previously identified in insomnia, 
we hypothesized a genetic origin for sleep reactivity. Given 
that sleep reactivity itself may predispose to insomnia, we also 
hypothesize that the genetic influences on insomnia and sleep 
reactivity overlap.

In addition to molecular genetic studies, a powerful tech-
nique for studying the genetic basis of sleep characteristics is 
the use of large twin samples to estimate heritability.30 While 
this technique cannot be used to identify specific genes associ-
ated with a disorder, it does have the advantage of allowing 
inferences related to the overall presence and strength of ge-
netic variance related to a particular disorder or characteristic. 
Given that the conceptualization of insomnia in the context of 
the 3P model suggests the presence of predisposing, precipitat-
ing, and perpetuating factors, twin studies are helpful in parsing 
an important component within this conceptualization (poten-
tial genetic predisposition). The twin method also allows for 
specifying the etiology of the relations between phenotypes 
(i.e., genetic, shared environmental, nonshared environmen-
tal). This method enables one to assess not only whether sleep 
reactivity and insomnia are heritable, but also to determine to 
what extent their genetic and environmental influences overlap, 
which is a crucial step for hypothesis development. There have 
been a number of twin studies investigating the heritability of 
insomnia with estimates close to 50%, but these studies used a 
broad assessment of sleep disturbance and did not specifically 
investigate the heritability of predisposing factors in individu-
als prior to developing the disorder.21,22,27,31

The nocturnal aspects of insomnia cover a range of distinct 
symptoms related to both the initiation and maintenance of 
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Treatment of missing data
FIRST: Three participants did not have FIRST scores due to 

computer errors. Eight participants were missing data for one 
FIRST question (either because they refused to answer it or 
they skipped it). In these cases, the answer was imputed as the 
mean of their answers for the remaining 8 items (rounded to the 
nearest whole number).

Insomnia questions: Eight individuals were missing an in-
somnia classification because there was not enough informa-
tion (frequency, duration, or interference) to determine their 
statuses. Three individuals were missing answers for the sleep 
problem frequency questions (2 were missing all 3 questions; 
one was missing only the falling asleep question).

Model Estimation
We used Mplus 634 for the analyses, including participants 

with missing data. Genetic model fits including categorical 
sleep problem data were assessed with WLSMV χ2 (weighted 
least squares, mean- and variance-adjusted χ2) statistic. Because 
the χ2 is sensitive to sample size, we also used confirmatory 
fit index (CFI) > 0.95 and root-mean-square error of approxi-
mation (RMSEA) < 0.06 as indicators of good fit.35 Statistical 
significance of parameters of interest was tested with χ2 dif-
ference (χ2

diff) tests. To correct for the nonindependence of the 
twin pairs in the phenotypic analyses, we used Mplus’s TYPE = 
COMPLEX option to obtain a scaled χ2 and standard errors ro-
bust to nonindependence, and used scaled χ2

diff tests36 for nested 

ing nonrefreshing sleep. Individuals who did not report “never” 
for all 3 items were asked a series of follow-up questions, in-
cluding how long they had had the sleep problem(s) (years and 
months), and to what extent they considered it to interfere with 
their “daily functioning (e.g., daytime fatigue, ability to func-
tion at work/daily chores, concentration, memory, mood, etc),” 
with 0 = not at all interfering, 1 = a little, 2 = somewhat, 3 = 
much, and 4 = very much interfering. Participants were judged 
to meet DSM-IV-TR criteria for insomnia if they had at least 
one problem “usually” or “always” for at least a month, with at 
least “somewhat” interference.33

Procedure
Participants were invited to complete an online survey 

about individual differences in sleep problems that took ap-
proximately 30 to 45 minutes. The questionnaire began with 
the FIRST and insomnia questions, followed by other questions 
not analyzed for the current study. Skipped questions were re-
presented with instructions to answer or indicate explicitly a 
preference not to answer. In rare cases, computer errors led to 
missing data (see below).

Statistical Analyses

Genetic models
Structural equation models30 provide estimates of the pro-

portions of variance in a measure due to additive genetic (A; 
heritability), dominant genetic (D), shared family environmen-
tal (C), and nonshared environmental (E) influences (Figure 1 
illustrates the general form of the ACDE model for a single ob-
served phenotype, measured in MZ and DZ twins). Additive ge-
netic influences for a complex trait are assumed to include the 
effects of a large number of specific genes that operate together 
in an additive manner. Dominant genetic variance represents in-
fluences that show genetic dominance and can also include epi-
static (gene by gene interaction) effects. Shared environmental 
influences are those that contribute to similarity of twins (e.g., 
family environment, shared peer groups, mother’s nutrition 
and hormone levels during gestation). In contrast, nonshared 
environmental influences are those that make twins’ behavior/
performance uncorrelated (e.g., different experiences, or even 
the same environment, if the twins respond differently to it for 
nongenetic reasons; note that, at the level of individual mea-
sures, nonshared environment can also include measurement 
error, because such error will tend to make twins’ performances 
uncorrelated). While it is possible that both C and D influence 
a phenotype, a limitation of the traditional twin design used 
in the current study is that C and D cannot both be estimated. 
Therefore, the pattern of covariances is used to decide whether 
an ADE model might be more appropriate than an ACE model.

Extending these models to include other measures (mul-
tivariate models) allows for the examination of genetic and 
environmental correlations. For example, the extent to which 
the genetic variance in one measure (i.e., the A component for 
FIRST) correlates with the genetic variance in another (e.g., the 
A component for insomnia) represents the genetic correlation 
between the two constructs. Hence, in this study, we used mul-
tivariate genetic modeling to estimate the genetic and environ-
mental contributions to sleep reactivity to stress and insomnia.

Figure 1—ACDE twin model. Individual differences in sleep reactivity 
(depicted with rectangles to denote an observed variable) are modelled 
as being due to multiple types of influences, represented with circles to 
denote that they are unobserved: additive genetic (A), dominant genetic 
(D), shared environmental (C), and nonshared environmental (E). The 
Twin 1 with Twin 2 A correlation is set to 1.0 for monozygotic (MZ) twins 
because they share all of their genes, and 0.5 for dizygotic (DZ) twins 
because they share on average half of their segregating genes by 
descent. The D correlation is set to 1.0 for MZ twins and 0.25 for DZ 
twins. The C correlation is set to 1.0 for both types of twins because both 
are raised together. The E correlations are set to zero because nonshared 
environment is uncorrelated, by definition. In a traditional twin design, D 
and C cannot be simultaneously estimated; one is set to zero depending 
on the pattern of MZ and DZ correlations (C influences tend to make the 
DZ correlations greater than half the MZ correlations, while D influences 
tend to make DZ correlations less than half the MZ correlations). Fitting 
this model to the covariance matrices relating Twin 1’s scores to Twin 2’s 
scores in each zygosity group provides estimates of these effects.

rMZ = 1.0
rDZ = 0.5

rMZ = 1.0
rDZ = 0.25  

Twin 1
FIRST

A ED C

Twin 2
FIRST

A ED C

rMZ = 1.0
rDZ = 1.0
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18.75, SD = 5.15). When insomnia was regressed on 
FIRST and sex (the FIRST by sex interaction was not 
significant), one standard deviation increase in FIRST 
scores was associated with a 2.28 higher odds (95% 
CI = 1.99 to 2.61) of insomnia, z = 11.90, P < 0.001, 
controlling for sex. Moreover, controlling for FIRST 
scores, sex differences in insomnia were no longer sig-
nificant, OR = 1.09 (95% CI = 0.83 to 1.43), z = 0.60, 
P = 0.552, suggesting that sex differences in sleep reac-

tivity to stress might explain sex differences in the prevalence 
of sleep problems.

To examine the relation between FIRST scores and the fre-
quencies of the individual problems, we regressed these frequen-
cies on standardized FIRST scores, sex, and their interaction. 
FIRST scores controlling for sex and the FIRST by sex inter-
action significantly predicted difficulty falling asleep, OR (as-
sociated with one standard deviation change in FIRST) = 2.81 
(95% CI = 2.49 to 3.18), z = 16.78, P < 0.001, while sex no 
longer predicted difficulty falling asleep once FIRST scores 
were controlled, OR = 0.89 (95% CI = 0.72 to 1.10), z = –1.11, 
P = 0.267. However, there was a significant FIRST by sex in-
teraction, z  =  –2.26, P  =  0.024: Simple regressions indicated 
that FIRST scores were related to difficulty falling asleep in fe-
males, OR = 2.48 (95% CI = 2.15 to 2.86), z = 12.43, P < 0.001, 
and in males, OR = 2.87 (95% CI = 2.40 to 3.43), z = 11.54, 
P < 0.001. A regression predicting the frequency of nonrefresh-
ing sleep showed a similar pattern: FIRST scores controlling 
for sex and the FIRST by sex interaction significantly pre-
dicted the frequency of nonrefreshing sleep, OR = 2.20 (95% 
CI  =  1.96 to 2.47), z  =  13.21, P < 0.001, while sex no lon-
ger predicted difficulty with nonrefreshing sleep once FIRST 
scores were controlled, OR  =  1.00 (95% CI  =  0.81 to 1.23), 
z = –0.02, P = 0.982. However, there was a significant FIRST 
by sex interaction, z  =  –2.20, P  =  0.028: Simple regressions 
showed that, as with difficulty falling asleep, FIRST scores 
were related to nonrefreshing sleep in females, OR = 1.96 (95% 
CI = 1.71 to 2.24), z = 9.91, P < 0.001, and in males, OR = 2.26 
(95% CI = 1.89 to 2.69), z = 8.94, P < 0.001. Finally, the regres-
sion of the frequency of difficulty staying asleep revealed that 
FIRST scores controlling for sex and the FIRST by sex interac-
tion significantly predicted difficulty staying asleep, OR = 1.91 
(95% CI = 1.71 to 2.13), z = 11.32, P < 0.001, and females were 
still significantly more likely to have difficulty staying asleep 
controlling for FIRST scores, OR  =  1.27 (95% CI  =  1.04 to 
1.54), z = 2.31, P = 0.021, but the FIRST by sex interaction was 
not significant, z = –0.94, P = 0.350.

Genetic Analyses

Univariate models
Table 2 shows the MZ and DZ twin correlations, split by 

sex, for the FIRST, insomnia classification, and sleep problem 
frequencies. For all variables except the frequency of diffi-
culty falling asleep, the MZ correlations were higher than the 
DZ correlations, suggesting genetic influences. Moreover, for 
the FIRST scores and insomnia classification, most of the MZ 
correlations were greater than twice the DZ correlations, sug-
gesting no shared environmental influences, but possible domi-
nant or epistatic genetic influences. Therefore, we tested ADE 

model comparisons. Binary or multinomial logistic regressions 
were used to examine predictors of insomnia or the frequency 
of sleep problems, respectively. The statistical significance of 
regression variables was determined with z-values obtained by 
dividing betas by their standard errors.

RESULTS

Phenotypic Analyses

Descriptive statistics
FIRST scores showed a normal distribution (M = 19.67. 

SD = 5.43, range = 9 to 36, skewness = 0.25, kurtosis = –0.45), 
with good internal reliability (Cronbach α = 0.81). Table 1 pres-
ents the frequencies of the 3 nocturnal insomnia symptoms. 
Approximately 21% met criterion for insomnia. Of these 379 
individuals, 242 (64%) experienced difficulty falling asleep 
(usually or always), 193 (51%) had difficulty staying asleep, 
and 265 (70%) had nonrefreshing sleep. Ninety-nine (26%) of 
the insomniacs reported usually or always having all 3 sleep 
problems; 123 (32%) had 2 of the problems; and 157 (41%) 
reported only one of the problems. As shown in the table, the 
prevalence of each insomnia symptom (usually or always) was 
approximately 20%. The prevalence of having ≥ 1 symptom 
usually or always was 37.2% (no duration criteria). Once the 
impairment and duration criteria (having any one of these 
symptoms for > 1 month with impairment) were applied, 37.2% 
was reduced to 21%.

To examine age and sex differences, we regressed each vari-
able on age and sex simultaneously (there were no significant 
age by sex interactions). There were significant sex differ-
ences in all of the measures. Females had higher FIRST scores 
(M = 20.90, SD = 5.34) than males (M = 17.86, SD = 5.03), z = 
11.31, P < 0.001. Females were also more likely to have insom-
nia (24.8%) than males (16.4%), odds ratio (OR) = 1.70 (95% 
CI = 1.32 to 2.19), z = 4.08, P < 0.001. Females also experienced 
more difficulty with falling asleep, OR = 1.56 (95% CI = 1.27 
to 1.90), z = 4.34, P < 0.001; staying asleep, OR = 1.83 (95% 
CI = 1.52 to 2.21), z = 6.32, P < 0.001; and nonrefreshing sleep, 
OR = 1.59 (95% CI = 1.30 to 1.94), z = 4.54, P < 0.001.

Within this somewhat restricted age range of the sample, age 
did not significantly influence FIRST scores, insomnia classifi-
cation, or difficulty falling asleep. Higher age did relate to more 
difficulty staying asleep, OR = 1.06 (95% CI = 1.03 to 1.10), 
z = 3.33, P = 0.001; and nonrefreshing sleep, OR = 1.07 (95% 
CI = 1.03 to 1.11), z = 3.62, P < 0.001.

Relationship of FIRST Scores to Insomnia and Sleep Problems
Individuals with insomnia had higher FIRST scores (M = 

23.02, SD = 5.09) than individuals without insomnia (M = 

Table 1—Frequencies of sleep problems

Frequency Rating (%)
Difficulty Never Sometimes Usually Always

Falling Asleep 324 (18%) 1069 (60%) 324 (18%) 62 (4%)
Staying Asleep 673 (38%) 776 (44%) 252 (14%) 79 (4%)
Nonrefreshing Sleep 396 (22%) 983 (55%) 327 (18%) 74 (4%)
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tributable to nonshared environmental influences. Sex differ-
ences were not significant, χ2

diff(1) = 0.91, P = 0.341.
Estimates were similar for nonrefreshing sleep. The 

ACE model fit, χ2(25) = 28.73, P = 0.276; CFI = 0.909; 

models for these 2 phenotypes, and ACE models for the 
problem frequencies. We also allowed the male and fe-
male estimates to differ. Sex differences were examined 
at the level of unstandardized estimates.

FIRST: As shown in Table 3, the ADE model of the 
FIRST scores, χ2(17) = 16.53, P = 0.487; CFI = 1.00; 
RMSEA = 0.000, was not significantly better than 
the more parsimonious AE model, χ2(19) = 18.02, 
P = 0.521; CFI = 1.00; RMSEA = 0.000; χ2

diff(2) = 1.49, 
P = 0.476. The AE model indicated that for males, sleep 
reactivity to stress was 43% heritable, with the remain-
ing 57% due to nonshared environmental influences; 
for females the heritability was 29% with the remain-
ing 71% due to nonshared environmental influences. 
Model comparisons indicated a significant sex differ-
ence in the AE estimates, χ2

diff(2) = 7.89, P = 0.019. 
Specifically, in the unstandardized models, females showed 
significantly more nonshared environmental variance, χ2

diff(1) 
= 6.59, P = 0.010, but their genetic variance could be equated 
to that for males, χ2

diff(1) = 1.08, P = 0.299. When standardized, 
this difference translated into a lower heritability for females. 
The larger nonshared environmental variance for females 
is not likely due to differential reliability; internal reliability 
(Cronbach α) was 0.79 for females and 0.80 for males.

Insomnia: For insomnia classification, the ADE model, 
χ2(9) = 7.47, P = 0.589; CFI = 1.00; RMSEA = 0.000, did not fit 
significantly better than the AE model, χ2(11) = 7.82, P = 0.729; 
CFI = 1.00; RMSEA = 0.000; χ2

diff(2) = 0.96, P = 0.620. As 
shown in Table 3, insomnia was 43% heritable for males and 
55% heritable for females. These sex differences were not sig-
nificant, χ2

diff(1) = 0.53, P = 0.467; however, we retained the 
separate estimates because sex differences in the FIRST vari-
able would require estimating sex differences in the multivari-
ate models with FIRST.

Sleep problem frequencies: Table 4 presents the ACE 
models of the frequencies of three sleep problems, analyzed 
as ordinal variables. As shown in Table 2, the MZ correlations 
for difficulty falling asleep were actually lower than the DZ 
correlations, resulting in near-zero estimates of A in the ACE 
model. Hence, the ACE model fit, χ2(25) = 20.34, P = 0.729; 
CFI = 1.00; RMSEA = 0.000, was not significantly better 
than the CE model fit, χ2(27) = 20.47, P = 0.810; CFI = 1.00; 
RMSEA = 0.000; χ2

diff(2) = 0.05, P = 0.978. In this final model 
then, for males 27% of the variance in difficulty falling asleep 
was due to shared environmental influences, with the remaining 
73% due to nonshared environmental influences; for females, 
14% of the variance was due to shared environmental influ-
ences and 86% due to nonshared environmental influences. Sex 
differences in these estimates did not reach statistical signifi-
cance, χ2

diff(1) = 2.38, P = 0.123.
In contrast to the CE pattern for difficulty falling asleep, dif-

ficulty staying asleep and nonrefreshing sleep showed relatively 
more genetic influences and fewer shared environmental influ-
ences. Specifically, for difficulty staying asleep, the ACE model 
fit, χ2(25) = 27.13, P = 0.349; CFI = 0.924; RMSEA = 0.020, was 
not significantly better than the AE model fit, χ2(27) = 27.35, 
P = 0.445; CFI = 0.988; RMSEA = 0.008; χ2

diff(2) = 0.04, 
P = 0.978. Difficulty staying asleep was 35% heritable for males 
and 25% heritable for females, with the remaining variance at-

Table 2—Twin correlations

Twin Correlations

Measure
MZ 

male
DZ 

male
MZ 

female
DZ 

female
DZ 
OS

FIRST 0.46* 0.12 0.30* 0.06 0.19*
Insomniaa 0.48* 0.03 0.55* 0.30* 0.21

Symptom Frequencyb

Falling asleep 0.19* 0.36* 0.19* –0.03 0.28*
Staying asleep 0.35* 0.11 0.24* 0.09 0.27*
Nonrefreshing sleep 0.35* 0.17 0.33* 0.22* 0.16

MZ, monozygotic; DZ, dizygotic; OS, opposite-sex. *P < 0.05. aTetrachoric 
correlations; bpolychoric correlations estimated with Mplus.

Table 3—Genetic models for FIRST and insomnia

Males Females
Measure A D E A D E

FIRSTa

ADE 14 32 55* 8 23 69*
AE 43* — 57* 29* — 71*

Insomniab

ADE 16 30 54* 52 3 45*
AE 43* — 58* 55* — 45*

ADE models suggested by correlations. Boldface type indicates preferred 
model. Variance components may not sum to 100% due to rounding error. 
*P < 0.05, calculated with χ2 difference tests. aAnalyzed as continuous 
variables with maximum likelihood (ML); bAnalyzed as binary variables 
with weighted least squares, means- and variances-adjusted (WLSMV). 

Table 4—Genetic models for sleep problem frequencies

Males Females
Measure A C E A C E

Falling Asleep
ACE 1 27* 73* 3 12* 85*
CE — 27* 73* — 14* 86*

Staying Asleep
ACE 31 3 66* 21 3 76*
AE 35* — 66* 25* — 76*

Nonrefreshing sleep
ACE 34 1 65* 23 10 67*
AE 35* — 65* 34* — 66*

ACE suggested by correlations. Analyzed as ordinal variables with 
weighted least squares, means- and variances-adjusted (WLSMV). 
Boldface type indicates preferred model. Variance components may 
not sum to 100% due to rounding error. *P < 0.05, calculated with χ2 
difference tests.
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insomnia indicates that insomnia had nonshared environmental 
influences that were independent of those for FIRST.

Though sex differences were only significant for FIRST 
scores, we maintained a sex differences model for all the pa-
rameters. However, the only parameters that actually showed 
significant sex differences were E1 to FIRST, χ2

diff(1) = 9.51, 
P = 0.002, and E1 to insomnia, χ2

diff(1) = 4.28, P = 0.039. That 
is, females had more environmental influences than males on 
FIRST, but these influences overlapped less with insomnia in 
females than males.

Another way of representing these results is with the genetic 
and environmental correlational model presented in Figure 3, 
which is statistically identical to the Cholesky model presented 
in Figure 2. As shown in this model, the genetic correlation 
between FIRST and insomnia (represented on the curved dou-
ble-headed arrows between AF and AI) was 0.64 in males and 
0.54 in females, and the environmental correlation (represented 
on the curved double-headed arrows between EF and EI) was 
0.37 in males and 0.32 in females. Using covariance algebra 
on the parameter estimates in this model, one can compute the 
phenotypic correlations predicted by the model37 and calculate 
the percentages of those phenotypic correlations that are due to 
overlapping genetic and nonshared environmental influences. 
For males, the predicted phenotypic correlation (0.49) was 56% 
due to genes and 46% due to nonshared environment. For fe-

RMSEA = 0.027, was not significantly better than the AE mod-
el fit, χ2(27) = 29.03, P = 0.360; CFI = 0.951; RMSEA = 0.019; 
χ2

diff(2) = 0.19, P = 0.909. The frequency of nonrefreshing 
sleep was 35% heritable for males and 34% heritable for fe-
males, with the remaining variance attributable to nonshared 
environmental influences. Sex differences were not significant, 
χ2

diff(1) = 0.01, P = 0.941.

Multivariate Model of FIRST and Insomnia
The results presented in the previous section establish that 

both sleep reactivity to stress, as measured with the FIRST, and 
insomnia have significant genetic and nonshared environmental 
influences. In this section we examine to what extent these in-
fluences overlap with a bivariate genetic Cholesky decomposi-
tion model30: In this model, the A and E estimates for the FIRST 
(i.e., A1 and E1) also predict insomnia, and insomnia also has 
its own A and E influences (i.e., A2 and E2). This model, which 
fits the data well, χ2(46) = 41.65, P = 0.655; CFI = 1.00; RM-
SEA = 0.000, is shown in Figure 2 (with only one twin depict-
ed). As shown by the cross path estimated for A1 to Insomnia, 
the genetic influences on FIRST also significantly influenced 
insomnia, and to a similar extent in males and females (0.42 vs. 
0.40, respectively). As indicated by the path from A2 to insom-
nia, insomnia also had genetic influences that were independent 
of FIRST, though these influences were only marginally signifi-
cant for males, χ2

diff(1) = 3.05, P = 0.081. The path from E1 to 
insomnia indicates that the environmental influences on FIRST 
scores also influenced insomnia, to a higher extent in males 
than females (0.28 vs. 0.21, respectively). The path from E2 to 

Figure 2—Bivariate AE Cholesky model of FIRST and insomnia with 
separate estimates for males and females (depicted as male/female). The 
model shows standardized path coefficients that can be squared to obtain 
variance components. The A and E variables for the first phenotype (i.e., 
A1 and E1) are allowed to predict both FIRST and insomnia (the latter is 
depicted in the cross path). Insomnia is also allowed to have its own A 
and E influences (i.e., A2 and E2) that are independent of FIRST scores. 
All parameters were significant at P < 0.05, except for the path from A2 
to insomnia in males, which was marginally significant (P = 0.081). From 
this model, one can compute the genetic and environmental correlations 
between the 2 phenotypes, depicted in Figure 3.

0.67/0.530.67/0.53

FIRST 

A1

E1

Insomnia

A2

E2

0.75/0.850.75/0.85

0.50/0.620.50/0.62

0.70/0.640.70/0.64

0.42/0.400.42/0.40

0.28/0.210.28/0.21

Figure 3—Bivariate AE correlational model of FIRST and insomnia with 
separate estimates for males and females (depicted as male/female). 
The model shows standardized path coefficients that can be squared to 
obtain variance components. This model is derived from the Cholesky 
model depicted in Figure 2 and is statistically identical. In this model, the 
AF and EF variables for FIRST are correlated with the AI and EI variables 
for insomnia. All parameters were statistically significant (P < 0.05).
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z = 7.85, P < 0.001). Both depression diagnosis and CES-D also 
predicted insomnia controlling for FIRST scores (one SD in-
crease in CES-D associated with 2.40 higher odds of insomnia; 
z = 11.69, P < 0.001; and depression diagnosis associated with 
2.59 higher odds of insomnia; z = 5.04, P < 0.001). Neither anx-
iety nor sex significantly predicted insomnia when controlling 
for the other variables. In total, the measures explained 35.2% 
of the insomnia variance.

Genetic analyses: To examine the influence of depression 
and anxiety variation on the genetic results, we regressed FIRST 
scores on CES-D and depression and anxiety diagnosis history, 
then ran the genetic models presented earlier on the unstandard-
ized residuals. The resulting models reflect the heritability of 
FIRST and its correlation with insomnia with the FIRST’s vari-
ance due to depression and anxiety removed (because insomnia 
is a dichotomous variable, it was not possible to obtain similar 
residuals).

The univariate AE model (compare to Table 3) of residual-
ized FIRST scores indicated that they were 39% heritable in 
males and 25% heritable in females. As with the non-residual-
ized scores, the sex difference came from a significantly larger 
nonshared environmental variance for females.

In the bivariate model (compare to Figure 3), the genetic 
correlations between residualized FIRST scores and insomnia 
were 0.54 for males, χ2

diff(1) = 5.58; P = 0.018; and 0.26 for fe-
males; χ2

diff(1) = 2.44; P = 0.118. The nonshared environmental 
correlations were 0.13 for males, χ2

diff(1) = 1.73; P = 0.188; and 
0.19 for females; χ2

diff(1) = 4.52; P = 0.034. Hence, for both sex-
es, the genetic and environmental correlations between FIRST 
and insomnia were reduced when current and prior depression 
and anxiety variance was removed from FIRST scores.

DISCUSSION
The goals of this study were to determine the genetic and 

environmental etiologies of (1) sleep reactivity to stress, (2) in-
somnia, and (3) their interrelation. Findings using a twin meth-
odology clearly indicated that sleep reactivity as assessed by 
the FIRST has a substantial heritable component (29% to 43%) 
demonstrating that genetic factors have a significant influence 
on this trait consistent with a previous family study of sleep 
reactivity.26 Insomnia was also found to have significant genetic 
influences, similar to that found in previous twin studies.20-22,27,28 
Environmental influences unique to individuals also appear 
to contribute to sleep reactivity to stress and insomnia, while 
shared environmental effects were negligible. The new finding 
that sleep reactivity and insomnia share genetic influences is 
consistent with the hypothesis that this trait may represent a 
genetic vulnerability for developing insomnia.

Although we found that females exhibited more sleep prob-
lems and higher sleep reactivity to stress than males, we found 
few sex differences in the underlying genetic structures of these 
phenotypes and their interrelations. The primary difference was 
that females showed more nonshared environmental variance 
in FIRST scores than males (though similar genetic variance), 
resulting in lower overall heritability (i.e., the proportion of 
genetic influences out of the total variance) of this construct 
in females. The only other sex difference we found was that 
the higher environmental variance in females’ FIRST scores 
overlapped less with insomnia, though this effect was relatively 

males, the predicted phenotypic correlation (0.39) was due 53% 
to genes and 47% to nonshared environment.

Heritability of FIRST in Non-Insomniacs
In the previous bivariate models, the genetic and environ-

mental influences on FIRST scores were shown to overlap 
with those for insomnia. Moreover, the genetic correlation was 
only moderate (0.64 in males and 0.54 in females), suggest-
ing that the genetic influences on the FIRST were not identical 
to those for insomnia. If sleep reactivity to stress were indeed 
a predisposing genetic factor for insomnia, one would expect 
some overlap, as we found. However, we may also expect that 
FIRST scores should be heritable even in the absence of in-
somnia. Hence, we modeled the heritability of the FIRST ex-
cluding anyone who met criteria for insomnia. As with the full 
sample, the ADE model, χ2(17) = 16.30, P = 0.503; CFI = 1.00; 
RMSEA = 0.000, was not significantly better than the more par-
simonious AE model, χ2(19) = 16.37, P = 0.633; CFI = 1.00; 
RMSEA = 0.000; χ2

diff(2) = 0.07, P = 0.966. The AE model 
indicated that the FIRST was 39% heritable in non-insomni-
ac males and 26% heritable in non-insomniac females, both 
χ2

diff(1) > 14.18, P < 0.001. The sex difference remained signifi-
cant, χ2

diff(2) = 9.62, P = 0.008. Hence, even when individuals 
who met criteria for insomnia were excluded from the analysis, 
the FIRST showed a similar pattern of genetic and environmen-
tal influences.

Analyses Controlling for Depression/Anxiety
Because insomnia can be comorbid with anxiety and/or de-

pression, we conducted secondary analyses to ascertain the ex-
tent to which our results are unique to sleep reactivity to stress 
vs. depression/anxiety. Participants answered 2 questions about 
whether they had ever been diagnosed with depression or an 
anxiety disorder, respectively (14 participants declined to an-
swer one or both of the questions). Approximately 14% and 8% 
of the participants reported a history of depression and anxiety, 
respectively. Participants also completed the Center for Epide-
miological Studies Depression Scale (CES-D),38 a 20-item self-
report questionnaire that asks about the frequency of depressive 
symptoms within the past week. We used log-transformed 
summed scores excluding one item, “restless sleep,” to avoid 
overlap with the sleep questions. The internal reliability esti-
mate (Cronbach α) for the remaining 19 items was 0.90.

Phenotypic analyses: In a multiple regression predict-
ing FIRST scores with sex, depression history, anxiety his-
tory, and CES-D scores (there were no significant interactions 
with sex), CES-D significantly predicted FIRST scores (stan-
dardized ß = 0.32, z = 3.38, P < 0.001), as did anxiety history 
(anxiety diagnosis associated with 0.26 SD increase in FIRST 
scores; z = 2.54, P = 0.011). Depression diagnosis did not sig-
nificantly predict FIRST scores controlling for anxiety diagno-
sis and CES-D (diagnosis associated with 0.10 SD increase in 
FIRST scores; z = 1.35, P = 0.178), nor did sex. In total, the 
measures explained 19.6% of the FIRST variance.

In a multiple logistic regression predicting Insomnia with 
FIRST, sex, and the depression/anxiety measures (again, there 
were no significant interactions with sex), FIRST scores pre-
dicted insomnia over and above the other measures (one SD in-
crease in FIRST associated with 1.80 higher odds of insomnia; 
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of arousability are similar between insomniacs and those with 
high sleep reactivity (i.e., high FIRST scores) non-insomniacs 
have lower levels of stress exposure.19 Findings from a recent 
prospective study indicate that a broad measure of arousabil-
ity is predictive of incident insomnia.5 Thus, it is possible that 
physiological or cognitive arousability plays a moderating role 
in the relationship between sleep reactivity to stress and the de-
velopment of chronic insomnia, as previous investigators have 
proposed.19 However, prospective studies that assess sleep re-
activity in non-insomniacs along with general arousability and 
stress exposures over time as the disorder of insomnia evolves 
are needed to address this question.

The present study used the Ford Insomnia Response to Stress 
Test (FIRST) to assess sleep reactivity.11 Other measures have 
been developed to assess similar constructs, such as “arousabil-
ity” which has been related to insomnia,5,43 but the FIRST is the 
only measure validated using objective sleep assessment.11,12 
The findings of the present study add to its validity by demon-
strating that this measure has a significant genetic component. 
Thus, FIRST scores provide valuable information including a 
generalized estimate related to sleep responses to multiple sleep 
disruptive stimuli, a readily assessed measure amenable to large-
scale epidemiological studies, and a cost effective and practical 
means for assessing this trait in research and clinical settings.

In terms of the relationship of FIRST scores to insomnia 
independent of depression and anxiety, several conclusions 
can be drawn. The phenotypic and genetic results indicate that 
depression and/or anxiety had significant relations to FIRST 
scores, a finding that is not surprising given their common rela-
tions to stress. However, even with all three covariates in the 
model, the relation between FIRST and insomnia remained 
significant, suggesting that sleep reactivity to stress may tap a 
dimension independent of these mood disorders. The univariate 
genetic model of residualized FIRST scores indicates that this 
dimension is significantly heritable in both sexes. Finally, the 
bivariate genetic model suggested that eliminating variance due 
to depression and anxiety reduced both the genetic and envi-
ronmental correlations between FIRST and insomnia; however, 
significant genetic (male) and environmental (female) correla-
tions remained. Taken together, these results suggest that sleep 
reactivity to stress constitutes a correlate of insomnia that is 
related, but not identical, to depression and anxiety.

Despite these findings demonstrating heritability of the 
FIRST, there are limitations to this approach. For example, the 
accuracy of self-report of sleep reactivity may be influenced by 
memory of sleep responses to previous events, perceptual dif-
ferences between subjects, as well as the habitual sleep pattern 
of the individual. Other variables such as the type, magnitude, 
and frequency of sleep disrupting stimuli likely add to the vari-
ability of self-report measures of sleep reactivity. However, the 
FIRST was significantly heritable, despite these sources of in-
creased variability, a finding consistent with the stability and 
predictive value of the FIRST measure and its underlying con-
struct, sleep reactivity. Future studies may identify useful ob-
jective methods for assessing sleep reactivity, particularly given 
the increased accuracy, availability, and cost effectiveness of 
objective ambulatory sleep recording techniques.

Future studies should also determine whether objective 
measures of sleep reactivity will be differentially predictive of 

small (environmental influences on FIRST scores predicted 8% 
of the variance in insomnia in males but 4% in females). One 
interpretation of these results is that women may have more 
environmental influences on sleep reactivity to stress, but these 
additional influences are unlikely to also lead to insomnia.

Interestingly, in the phenotypic analyses, we found that 
when both FIRST scores and sex were included as predictors 
of insomnia, the sex difference in insomnia was no longer sig-
nificant. This result suggests that the sex differences in sleep 
reactivity may account for the sex differences in insomnia. 
Hence, sleep reactivity to stress may be an important compo-
nent of future research on sex differences in insomnia.

The present findings emphasize the importance of assess-
ing environmental exposures as well as underlying diathesis 
in future studies aimed at determining the factors contributing 
to insomnia. Clearly, there are environmental triggers of tran-
sient sleep disturbance. The present results suggests that envi-
ronmental triggers (e.g., stress) also have an impact on sleep 
reactivity, and more so for females. The present results suggest 
that some of these environmental effects may influence the vul-
nerability to developing insomnia. These data emphasize the 
need for longitudinal studies that investigate how environmen-
tal events operate in the early and even prodromal stages of the 
evolution to an insomnia disorder in dynamic interaction with 
patients’ environmental milieu (i.e., frequency, magnitude, and 
resulting sleep patterns).

The moderate heritability estimates of individual symptoms 
of insomnia related sleep disturbance found in the present study 
have several implications. Over the last several decades, insom-
nia has increasingly become recognized as a disorder with both 
characteristic diurnal and nocturnal symptoms. The moderate 
heritability of these symptoms when assessed separately, but 
stronger heritability when looked at as a constellation of symp-
toms and impairment (i.e., insomnia disorder), is consistent 
with this view. Lower heritability estimates of specific insom-
nia symptoms (e.g., sleep latency) relative to global measures 
of sleep quality have also been found in a recent twin study20 
and is consistent with findings demonstrating that nocturnal in-
somnia symptoms frequently change over time in a given pa-
tient,39,40 while the disorder itself is a chronic condition.41 The 
genetic overlap of multiple symptoms of insomnia found in pre-
vious studies also suggests that they may be related to a com-
mon underlying trait.20

The significant genetic correlations between FIRST scores 
and insomnia demonstrate that insomnia shares both genetic and 
environmental influences with sleep reactivity as reflected in 
the FIRST. However, each measure also had significant unique 
genetic and environmental influences, indicating that they are 
not identical constructs. Indeed, high sleep reactivity is pres-
ent in many individuals who do not meet criteria for insomnia 
and only a small portion of insomniacs do not report high sleep 
reactivity to stress.42 One possibility is that sleep reactivity is, at 
least in part, a genetic predisposing factor for insomnia.2 That is, 
sleep reactivity may be a necessary but nonsufficient trait that 
conveys a vulnerability to insomnia that is manifested follow-
ing exposure to stressful triggers over time or other precipitat-
ing events; however, even individuals with high sleep reactivity 
may require environmental triggers for the disorder to mani-
fest. Consistent with this conceptualization, although measures 
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insomnia incidence relative to self-report measure of sleep re-
activity. A limitation of our study is that we relied on patient 
reports of insomnia symptoms rather than a clinical interview 
which may have attenuated the results. In addition, twin stud-
ies have traditionally had higher response rates for women,44 
which may have contributed to a somewhat higher prevalence 
for insomnia in our sample compared with some previous 
studies.45 However, our prevalence estimates for insomnia are 
consistent with estimates from recent epidemiological studies 
using similar criteria for insomnia disorder.46 Furthermore, as 
our heritability estimates for insomnia (~40%) are similar to 
those of previous studies,20-22,27,28 there is little reason to believe 
that a slight selection for sleep problems has biased our results 
in terms of heritability. Our restricted age range and lack of a 
population-based sample is also a limitation in terms of gen-
eralizability. Nonetheless, given previous studies that show 
a family history of insomnia is more closely associated with 
cases of early onset of the disorder24,47 one would not expect 
greater heritability estimates in an older sample. Similarly, one 
might speculate that non-shared environmental effects would 
be larger in an older sample where environmental triggers may 
be more prominent due to increased exposure to potential trig-
gers of insomnia.

Summary
Our results provide strong evidence for the heritability of 

sleep reactivity to stress in both insomniacs and non-insomni-
acs and add to the growing literature suggesting that insom-
nia has significant genetic determinants. The overlap between 
genetic and environmental influences on sleep reactivity and 
insomnia supports the hypothesis that sleep reactivity to stress 
may be a significant risk factor for the development of the dis-
order of insomnia. At the same time, the partial independence 
of this reactivity trait from that of insomnia and its existence in 
those without the disorder supports the conclusion that sleep 
reactivity is not the same construct as insomnia and may not 
be sufficient for developing the disorder. The phenotype of in-
dividuals with high sleep reactivity should be studied further in 
terms of its predictive value for incident insomnia, relationship 
to objective PSG measures of reactivity, and long-term stability. 
Additional studies are also needed to determine the heritabil-
ity of polysomnographically measured sleep responses to stress 
and their relation to the present findings as well as the future de-
velopment of insomnia. Our finding that that there are common 
genetic influences for sleep reactivity and insomnia suggests 
that uncovering specific genes that influence this trait may be a 
productive area for future insomnia research.
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