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Abstract

Background—Carbon dioxide (CO,) hypersensitivity represents an individual difference
response to breathing CO, enriched air. People with a history of panic attacks or panic disorder are
particularly prone to anxious response, suggesting that CO, hypersensitivity is a robust risk
marker of panic spectrum vulnerability.

Methods—Twin pairs (n = 346) from the general population-based Norwegian NIPH Mental
Health Study completed a measure of anxiety before and after vital capacity inhalation of 35%
CO», air and before and after inhalation of regular air. Three hypotheses regarding genetic factors
for CO, hypersensitivity were examined: (1) a single set of genetic risk factors impacts anxiety
before exposure to CO, and these same genes constitute the only genetic influences on anxiety in
response to CO,, (2) the genetic effects on pre-CO, anxiety are entirely different from the genetic
effects on anxiety in response to exposure to CO> (i.e., new genetic effects), and (3) pre-CO,
anxiety influences anxiety in response to CO, as well as unique genetic factors that become
activated by respiratory stimulation.

Results—Our results support the latter hypothesis for response to 35% CO,, with additive
genetic and unique environmental factors best fitting the data. Evidence of new genetic effects was
observed, accounting for 20% unique variance in post 35% CO, anxiety response. New genetic
effects were not observed for anxiety ratings made post regular air where only preregular air
anxiety ratings explained significant variance in this outcome.

Conclusions—These data suggest that there are distinct genetic factors associated with
responsivity to respiratory stimulation via 35% CO,.
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INTRODUCTION

Carbon dioxide (CO») reactivity reflects an enhanced physiologic and emotional response
when breathing air containing increased concentrations of CO,. The 35% CO, challenge is
one of the most commonly used CO5 challenge methods and this task effectively and
reliably produces enhanced subjective and physiologic responding in general population
samples and provokes approximately 50-70% of persons with panic disorder (PD) to
experience a panic attack.[1:2] By contrast, it is rare for healthy controls to develop panic
attacks or a panic-like response after exposure to 35% CO,.[34] Response to 35% CO also
demonstrates a level of specificity with PD in that persons with other anxiety disorders do
not react with the same level of symptomatic intensity or panic attack rate.[>7] Moreover,
individuals with nonclinical panic (i.e. occasional, unexpected panic attacks) exhibit
reactions to CO, similar to those reported in persons with PD,[®] suggesting that CO,
hypersensitivity relates most robustly to panic spectrum liability.

Family studies of response to CO, hypersensitivity indicate that healthy controls of PD
probands react stronger to 35% CO» than healthy controls without a positive family history
of PD,[8:9] suggesting a familial influence. Although family studies provide valuable insight
into the nature of panic, this design is unable to disaggregate genetic and common (shared)
environmental contributions to phenotypic variation. Twin studies, however, allow for the
dismantling of genetic, common (shared) environment, and unique (nonshared)
environmental influences. To date, two twin studies10.11] have examined response to CO,.
One study observed a significantly higher concordance rate for CO,-induced panic among
monozygotic (MZ) compared to dizygotic (DZ) twins (55.6% versus 12.5%,
respectively;[®]), suggesting a robust genetic influence. The second study noted that the
covariation between DSM-1V PD and panic-like anxiety elicited by 35% CO- stimulation
also was largely (73%) accounted for by additive genetic factors.[12.13] This observation is
consistent with the results of a meta-analytic study,4] where 30%-40% of the variance in
liability to PD was attributed to additive genetic factors. Individual-specific environments
best explained the residual variance in liability not accounted for by genetics, with no
support observed for the role of common family environment in the etiology of PD. A more
comprehensive model, which pooled family and twin studies, calculated a heritability
estimate of 0.48. In line with this estimate, the observed heritability for 35% CO, induced
anxiety ranged between 0.42 and 0.57, depending on response definition (e.g. visual
analogue score, number of DSM panic symptomsl12). Collectively, genetically informed
studies suggest that genetic factors explain a large portion of familial aggregation of PD as
well as response to CO,. What we do not know is whether genetic contributions to CO,
response are related to a general, trait anxiety proneness, or to a unique, CO, associated
vulnerability.
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The current study seeks to determine whether there are genetic risk factors associated with
CO», hypersensitivity that are expressly related to CO, or whether genetic factors related to
COy, response are merely reflective of underlining trait anxiety. We use the term pre-CO5
anxiety as an index of trait anxiety proneness with the understanding that pre-CO, anxiety is
a complex combination of state and trait anxiety (e.g. anticipatory anxiety, anxiety
sensitivity, etc.). In all, we seek to discriminate between the following three hypotheses that
reflect differing genetically based associations: (1) a single set of genetic risk factors
impacts anxiety before exposure to 35% CO, and these same genetic factors constitute the
only influence on anxiety in response to exposure to 35% CO»; (2) the genetic effects on
pre-CO, anxiety are entirely different from the genetic effects on anxiety in response to
exposure to CO; or (3) there are genetic effects related to anxiety experienced before
breathing 35% CO», enriched air that influence anxiety in response to CO, as well as a
unique genetic factor that becomes active or “turned on” in response to respiratory
stimulation via CO, enriched air.

Twin pairs in this study were originally enrolled in the Norwegian Twin Study on the
Genetics of Personality and Mental Health (NIPH-MHS), which is a project of the
Norwegian Institute of Public Health Twin Panel, a cohort sequential design research
program using general population-based cohorts of twin.[5] A large sample of 6,349 twin
pairs were invited to participate in the NIPH-MHS, with 34.3% being MZ twins, 33.3%
being same-sex DZ twins, and 32.4% being opposite-sex DZ twins; 51.8% were female. All
twins were born between 1967-1979 and were invited by postal mail to take part in the
NIPH-MHS. Complete twin pairs (3,334) and 1,377 single responders (participation rates:
53% for pairs, 63% overall) responded to the mail invitation. Participation was higher for
MZ female twin pairs (participation among monozygotic females (MZF) versus
monozygotic males (MZM) pairs: 23.3% versus 15.8%, P =.01) and increased with age
(Spearman r = .07, P <.001).

The present study examined response to 35% CO,—65% O, and was interjected in the
NIPH-MHS. That is, this study was based on the same population and recruitment measures,
but was designed to include an a priori sample of approximately 350 twin pairs. To ascertain
this subsample of twin pairs, 3,182 twins from the NIPH-MHS were invited consecutively to
participate in the 35% CO, challenge study in three waves of similar size. Participants were
randomly ascertained in waves 1 and 3 and no significant differences emerged for
participation rates across the multiple waves, with a 22.4% participation rate.

“Anxiety-prone” individuals were targeted to ensure a sufficient number of individuals who
could be informative for the CO, provocation test. Specifically, in wave 2, approximately
50% of participants were invited to participate if they met criteria suggestive of increased
liability to panic disorder, agoraphobia, or social phobia, given evidence of increased
sensitivity to CO,-enriched air among persons with these three anxiety disorders.[>:15-18]
Criteria to define “anxiety-prone” subjects were based on five items (a) | feel a strong
aversion when | socialize with many people at a time, for example, in stores, on the street, or
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in the movie theatre; (b) | often feel a strong aversion when | go out to eat or drink with
people, for example, in a cafeteria, a café, or a restaurant; (c) | am afraid of blushing or
trembling when people look at me; (d) | have had sudden attacks with palpitations, breathing
trouble, and dizziness; (e) | can suddenly become very afraid, or | panic, without a specific
reason. These items were selected from the original postal mail questionnaire.[10]

The final sample for the 35% CO, study included 346 twin pairs. Table 1 presents
demographic characteristics of twins, the prevalence of “anxiety-prone” subjects, and Visual
Analogue Scale for Anxiety (VASA) response to the 35% CO, challenge. Females were
more likely to meet the operational definition of “anxiety-prone” and to be a “CO»-
responder” relative to males. Differences in prevalence of positive response between MZM
versus DZM or MZF versus DZF pairs were significant only for the positive response to
35% CO,, stimulation defined at the ~90th percentile of the VASA scale (DZF > MZF).
Liability thresholds could nonetheless be equated across zygosity groups within gender. Age
was examined for each twin as an individual given that twins participated at different times
and may not have been the same age at the time of study participation. There were no
significant differences across the five zygosity groups (F(4, 699) = 0.247, P = .912).
Smokers also reported higher post 35% CO, subjective anxiety compared with nonsmokers
(VASA: 12.4 + 28.8 versus 5.36 = 22.54, t(680) = 3.56, P =.001), but there were no
differences in smoking rates across the five-zygosity groups. Sixteen participants were
taking medication or receiving psychotherapy for anxiety-related difficulties. These 16
people also were evenly distributed across the five zygosity groups.

35% CO, CHALLENGE

Subjects were asked to refrain from alcohol for at least 36 hr, from caffeine-containing
beverages for at least 8 hr, from smoking for at least 6 hr, and from eating for at least 2 hr
before the challenge. After complete description of exclusion criteria (i.e. cardiocirculatory/
respiratory disorders; personal or familial history of aneurysm, hypertension, pregnancy,
epilepsy; and history of alcohol, benzodiazepine, or other drug dependence), informed
consent was obtained. The Regional Committee for Medical Research Ethics, an authorized
agent of the Norwegian Government, approved study procedures.

A 35% CO»-65% O, single-breath challenge was used. The apparatus, procedures, and
method to evoke and rate the anxious response to the challenge are described in details
elsewhere.[1%] Briefly, two gas mixtures were used including compressed air and a mixture
of 35% CO,. Both gases were inspired through the same self-administration mask connected
to a Mark 20 Wright respirometer to measure vital capacity (calculated on the basis of the
mean of three full inspirations) and the gas volume delivered with each inhalation. Subjects
were informed before the challenge that they would inhale two different harmless gas
mixtures containing different concentrations of O, and CO, and that the breathing task
might produce sensations of discomfort ranging from a few physical symptoms to a clear
sensation of anxiety or panic. After vital capacity was measured, subjects inhaled one vital
capacity of 35% CO», mixture followed by inhalation of compressed air, with an interval of
30 min between the two inhalations. Thus, the hypercapnic stimulus always preceded
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regular air inhalation. The 35% CO, test is considered valid if the subject inhales at least
80% of their vital capacity.[1°]

To measure response to CO, inhalation and regular air, subjects were asked to rate
themselves on a 0 (no anxiety at all) to 100 (the worst anxiety ever imaginable) VASAI20]
immediately before and after inhalation of the two air mixtures, creating four scores (pre and
post 35% CO, and pre- and postregular air). These scales have been used in several studies
of panic provocation[11:19.21.22] with good test—retest reliability.[21]

Pre and post ratings of response to the 35% CO» challenge exhibited a skewed, L-type
distribution.[23] Simulation studies show that in presence of L-shaped distributions, even
after attempts to reduce skewness and kurtosis by transformation, there is risk for bias in the
estimates based on normal theory maximum likelihood (ML) of genetic, unique
environmental, and particularly, shared environmental influences.[24] For this reason, we
decided to take a categorical approach to data analysis, which reduces statistical power, but
also diminishes bias in parameters’ estimates.[24] It also has been shown that a continuous
distribution of latent liability is feasible even in the presence of skewed distributions.[2°]
Thus, VASA scores pre- and postregular air and 35% CO, were converted to an ordinal
scale (0 = no anxiety, 1 = mild anxiety, or 2 = substantial anxiety) with two thresholds at the
75th and 90th percentile.

STATISTICAL ANALYSES

We used bivariate Cholesky decomposition to address questions regarding the magnitude of
genetic and environmental influences between pre and post CO, anxiety. Two or more traits
may be correlated because they share common genes and/or common environmental
influences. MZ and DZ twins measured on multiple traits allows for the covariation between
traits to be disaggregated into its genetic and environmental components. The Cholesky
decomposition is a saturated model that imposes a structure of stratification in shared latent
factors.[26] For N phenotypes, there is a main factor that loads on all N, followed by another
that only loads on the last N — 1, and so forth, until the Nth factor, which loads only on the
last phenotype. The full Cholesky decomposition does not differentiate between common
factor and specific factor variance and only estimates a specific factor effect for the last
variable in the model.

Figure 1 provides an illustration of the relations between the additive genetic component of
twin 1 and twin 2 for phenotype 1 (pre 35% CO, anxiety) and phenotype 2 (post 35% CO,
anxiety). Correlations between twins for additive genetic factors were fixed at 1 for MZ twin
pairs, as they share 100% of their genes, and 0.5 for DZ pairs as they share an average of
50% of their genes identical by descent. Common environment correlations between co-
twins were fixed at 1 for both MZ and DZ pairs based on the rigorous and frequent testing
that has supported the assumption that environments for MZ and DZ twins are comparable.
By definition, nonshared environment is uncorrelated in twins. The expression of new
genetic influences is reflected by the square of the “a22” path estimate in Fig. 1. The total
additive genetic effect is reflected by the “a21” and “a22” path coefficients and is calculated
as (a22 x a22) + (a2l x a2l).
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Including male and female same sex twins allows a test of quantitative sex differences (i.e.
whether the magnitudes of genetic and environmental effects differ in males and females)
for a specific trait or disorder. Inclusion of opposite sex twins permits a test of qualitative
sex differences, which determines whether different genetic and shared environmental
effects are important for males and females. To test for quantitative sex effects, the genetic
correlation for opposite sex twin pairs (rg) is freely estimated in the model as opposed to
being fixed.[24]

For all models of anxiety response to 35% CO, and regular air, full ACEL models were
tested first; these models included quantitative and qualitative sex effects. The Akaike
Information Criterionl27] was used to determine the best fitting model. A lower Akaike
Information Criterion (AIC) (i.e. more negative) value represents a better balance between
goodness of fit and parsimony. Models with fewer parameters also are preferred if they do
not result in a significant deterioration of fit. The best fitting ACE model was then
simplified by successively eliminating parameters (i.e. submodels: AE, CE) to determine
whether these factors contribute to phenotypic variance/covariance, resulting in improved
model fit using the AIC statistic. Genetic modeling was performed using the statistical
package Mx[28] using ML estimation.

All subjects inhaled at least 80% of their vital capacity of regular air and 35% CO5 and no
response to regular air exceeded the 75th VASA percentile; Table 1 presents VASA scores.
Since regular air always followed the 35% CO, challenge this may have played a role in
influencing the degree of anticipatory anxiety before regular air. To control for this possible
bias, we examined bivariate correlations between of the VASA response post 35% CO, and
VASA preregular air, while controlling for VASA pre 35% CO5 (since VASA preregular air
and VASA pre 35% CO, were strongly correlated: r = .80, P =.001) both in the whole
sample and only among “responders” (i.e. subjects who rated their post 35% CO, VASA at
>75th percentile). The correlations were 0.46 in the entire sample and 0.51 in the
“responders” sample. After controlling for the role of the VASA prescores, the correlations
were .15 and .19, respectively. These results suggest the VASA preregular air is not
determined by the VASA post 35%CO> level.

Results of the bivariate Cholesky decompositions for response to 35% CO, and regular air
are presented in Table 2. For all models, Model I always includes specified pathways from
all latent variables (A1, C1, E1 and Ay, C», and E,), allows path coefficients to differ
between the sexes (i.e. quantitative sex effects), and freely estimates the genetic correlation
(rg; i.e. qualitative sex effects). Model 11 is the same as model | except rg is fixed to 1 (i.e.
no qualitative sex effects). Model I11 is the same as Model | except that male and female
parameters are equated (i.e. no quantitative sex effects). Although Model IV also includes
all ACE parameters, male and female parameters are constrained to equality, and the rg is
fixed at 1.

1A = additive genetics; C = common (shared) environment; E = unique (non-shared) environment.
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ANXIETY RESPONSE TO 35% CO,

The model containing qualitative sex effects, but not quantitative sex effects (Model 111) and
the model that did not include either qualitative or quantitative sex effects (Model 1V)
yielded similar fit indices. Thus, the more parsimonious model that did not contain either
qualitative or quantitative sex effects was selected as best fitting. Next, two submodels
(Models V and V1) associated with Model IV were examined. Model V includes the AE
parameters only and determines whether dropping the C parameter (i.e. shared environment)
results in an improvement or worsening of fit relative to the full ACE model (Model 1V).
Results indicated that Model V, the AE model, resulted in improved fit based on the AIC
(AAIC = -5.85), whereas the model that included no genetic effects (CE; Model V1) resulted
in only a very modest improvement in model fit (AAIC = -1.22).

Figure 2 provides the path coefficients for the best-fitting AE model. The parameter
estimates for the pre and post 35% CO, VASA scores can be calculated from the path
coefficients. For the pre 35% CO, VASA score, a2 was 0.41 (0.64 x 0.64) and € was 0.59
(0.77 x 0.77). For post 35% CO, VASA scores, the total additive genetic contribution (i.e.
a?) was 45% ((0.45 x 0.45 + 0.50 x 0.50) x 100), with the unique additive genetics (a2)
associated with the post 35% CO, VASA accounting for almost half of the variation ((0.45
x 0.45) x 100 = 20%) in this outcome and pre 35% CO, anxiety accounting for the
remaining 25% (0.50 x 0.50) x 100). For post 35% CO, VASA scores, the unique
environmental factor (€2) accounted for 55% ((0.65 x 0.65 + 0.36 x 0.36) x 100) of
variance. The correlation between the pre and post 35% CO, VASA scores was 0.60 (0.64 x
0.50 + 0.77 x 0.36).

ANXIETY RESPONSE TO REGULAR AIR

The VASA response to regular air was used as an index of anxiety in absence of CO,
exposure, against which we contrasted the anxious response to 35% CO, inhalation. The
same model-fitting procedure that we used to examine anxiety response to 35% CO, was
used to examine anxiety response to regular air. Models I-1V were the same as those
described above. Similar to the previous analysis, Model 111, which included qualitative sex
effects, but not quantitative sex effects, and Model 1V, which did not include either
quantitative or qualitative sex effects, yielded similar fit as indexed by the AIC. Thus, we
again selected Model 1V, which is more parsimonious.

Next, two submodels (Models V and V1) associated with Model VI were examined. Model
V includes the AE parameters whereas Model VI includes the CE parameters. Results
indicated that Models V and V1 yielded very similar AIC values indicating that we are not
able to differentiate effects related to familial influences (i.e. A and C). For this reason, we
interpret Model 1V, which is the full ACE model.

Figure 3 shows the path coefficients for the ACE model for anxiety ratings in response to

breathing regular air. Parameter estimates for the pre- and postregular air VASA scores were
calculated using the path coefficients. For the preregular air VASA score, a2 was 18% ((0.43
x 0.43) x 100). For postregular air VASA scores, total additive genetic factors accounted for
approximately 23% ((0.00 x 0.00 + 0.48 x 0.48) x 100) of the variance, with unique additive
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genetics associated with the postregular air VASA accounting for no variance in this
outcome and preregular air anxiety accounting for 23% ((0.48 x 0.48) x 100). Common and
unique environmental factors accounted for the largest portion of variance in ratings of
anxiety assessed pre- and postregular air.

DISCUSSION

The current study examined whether response to 35% CO» represents a distinct genetic
reaction, or is merely a function of an individual’s trait anxiety response, or is the product of
both distinct CO5-induced anxiety and trait anxiety. Using a general population twin sample,
we observed that total additive genetics associated with trait anxiety accounted for
significant variance (i.e. 45%) in response to 35% CO, and additive genetics specifically
associated with CO, precipitated anxiety explained significant incremental variance (i.e.
20%), suggesting the expression of new genetic effects. This finding is particularly
impressive when compared with the results of response to regular air where only additive
genetics associated with pre-CO, anxiety predicted a significant amount of variance (i.e.
23%) whereas additive genetics specifically associated with postregular air rated anxiety did
not account for any incremental variance. These results suggest that a significant amount of
variation in anxious response to 35% CO, is accounted for by a unique genetic liability that
is not explained by trait anxiety.

This novel finding supports CO, hypersensitivity as a biologic marker that taps into a
pathophysiological mechanism distinct from that associated with pre-CO» anxiety and
dovetails with the extended suffocation alarm theory.[18.2%] That is, our results suggest that
respiratory stimulation via CO is associated with a unique genetic factor similar to Klein
who maintains that the panic response is distinct from the general “flight or fight” fear
response. Our results also are interesting in the context of the childhood separation anxiety
disorder (SAD)—adult PD link[39:31] as both conditions are associated with heightened
hypersensitivity to inhalation of CO,[32:331 and may reflect maladaptive conditions
stemming from the same pathogenic process (e.g. opioidergic dysfunction[291). For this
reason, genetically informative developmental studies as well as studies using animal
models may prove helpful in the study of the childhood separation anxiety, panic, and
hypersensitivity to CO,.[34

There also was a significant effect for individual-specific environment. In a previous
analysis of this dataset, response to 35% CO, was found to be influenced by a number of
environmental factors including childhood parental loss, childhood separation anxiety, major
life events, stressful life events, events of suffocative nature, and being female.[3%] The
significant role of nonshared environmental experiences stresses the importance of
identifying putative environmental risk factors that may predispose individuals to
development of PD.

For models examining anxious response to 35% CO», the model containing additive genetic
and unique environmental factors (AE) fit the data better relative to a model containing only
common and unique environmental (CE) factors, but the difference between these two
models was not substantial. This suggests that our study lacked sufficient power to
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unequivocally determine the contribution of common environmental influences on anxious
response to 35% CO».

Our results may be most supportive of psychosocial treatments that contain a specific focus
on panic related anxiety versus a general anxiety focus. For example, panic control
therapy,[3¢] which includes a therapeutic component that targets respiratory aberrations
associated with panic anxiety, may yield greater improvement in panic symptomotology
compared with the unified approach to targeting emotional disorders, which concentrates on
negative emotionality and associated psychological difficulties as a singular psychological
entity.[37] This is merely conjecture and empirical support is needed.

To our knowledge, this is the first study to examine the specificity of genetic response to
CO», as compared to general trait anxiety. Nonetheless, several limitations should be
considered. Our sample is not fully representative of the general population because anxiety-
prone individuals were intentionally oversampled, and the “anxiety-proneness” status was
associated with a stronger response to CO, (Wald |2 = 24.91; P = .001, Exp. B = 1.02,[20]),
However, after carrying out a multivariate genetic analyses jointly with the “anxiety prone”
screening variable, which was available for the entire sample of 3,334 complete twin pairs in
the NIPHTP-MHS from which this sample was collected, we found that this ascertainment
bias had a relatively small impact upon the reliability of structural equation modeling (SEM)
calculations for CO, responses.[10.12] Also, although this is probably the largest sample ever
probed with the 35% CO, challenge, the use of categorical outcomes coupled with the low
prevalence of heightened response weakens the power of this study. Moreover, as noted
previously,[20] the possible effect of concurrent therapy in twins was not controlled for in
our analyses. Fortunately, only a very small percentage (i.e. 2.3%) of participants was in
treatment and the number of persons receiving treatment was evenly distributed across the
five zygosity groups. Finally, there is only limited support for the reliability of subjective
anxiety response to the 35% CO, challenge[?1:38] and, therefore, a proportion of variance
accounted for by environmental factors may be related to measurement error, which
contributes to an underestimate of heritability/genetic factors.
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Figure 1.
Diagram illustrating additive genetic effects for twin 1 and twin 2. This model also applies

to common, shared (C) and unique (E) environmental factors. Path “a21” reflects the
additive genetic contribution of the pre-CO, VASA score on the post-CO, VASA score
whereas path “a22” represents new/unique genetic effects associated with the post-CO»
VASA score.
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Figure 2.

Path estimates from the best-fitting bivariate Cholesky model for pre and post 35% CO»,
VASA scores, with 95% confidence intervals in parentheses. “A” represents additive genetic
factors; “E” represents nonshared environmental factors.
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Figure 3.

Path estimates from the best-fitting bivariate Cholesky model for pre and post regular room
air VASA scores, with 95% confidence intervals in parentheses. “A” represents additive
genetic factors; “C” common shared environment; “E” represents nonshared environmental

factors.
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