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Abstract
Background Herpes simplex virus type 2 (HSV-2) genital
lesion recurrence is modulated by psychological factors, but
no such link with viral shedding (and thus asymptomatic
transmission) has been observed in humans.
Purpose The moderating effects of average psychological
distress, emotional stability, and emotion regulation on HSV2 recurrence were tested.
Methods Nineteen HSV-2 seropositive women were followed
over 22 weeks. Daily measures of HSV-2 recurrence and
psychological distress were collected. HSV-2 lesions and viral
shedding were modeled as linear oscillator systems, with
psychological distress moderating the periodicity of each
process.
Results High levels of distress, more labile moods, and less
ability to regulate emotional states were associated with fewer
days elapsed between the onset of lesion episodes. Viral
shedding showed the same pattern.
Conclusions Results are consistent with research indicating
that psychological distress suppresses immune system functioning, and provide new evidence that genital HSV-2 viral
shedding is related to, and regulated by, psychological
distress.
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Introduction
Herpes simplex virus type 2 (HSV-2) genital infections are
very common in North America. As many as 25 % of women
and 12.5 % of men are currently infected with HSV-2 [1],
although only about 20 % of these individuals are aware of
their infection [2]. Rates have remained stable over the last
decade [2], yet concern about rising rates remains due to the
ease with which the virus is spread. The correlation between
latent recurrence and lesion presence is not perfect; thus, HSV2 can be spread in the presence or absence of lesions, or even
by individuals who are unaware they are infected. HSV-2
infections will remain a significant health concern until
an effective vaccine is developed, and will remain a
health concern thereafter for those who are already
seropositive.
Herpes recurrences can be painful both physically and
psychologically. Most symptomatic individuals experience
recurrent infections within the first year of primary infection
[3], and the median HSV-2 recurrence rate is estimated to be
four to six times per year [4]. Recurrences are associated with
painful itching and/or tingling/burning sensations, fever, headache, malaise, vaginal/urethral discharge, tender lymph nodes,
and, in extreme cases, necrosis (in immunosuppressed patients). HSV-2 infections are also associated with increased
risk for contracting human immunodeficiency virus (HIV)
[5, 6]. Having herpes carries tremendous stigma, and
sufferers may experience significant depression, anxiety,
guilt, and shame related to their infection; increased risk for
illicit drug use; altered sexual interest and behavior; and
difficulty forging and maintaining relationships [7, 8].
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Despite the wide spectrum of clinical disease and virologic
severity among otherwise healthy persons, little is known
about the mechanisms of HSV-2 disease variability. A growing
body of psychoneuroimmunological research suggests that
HSV-2 recurrence is influenced by inter- and intraindividual
differences in personality characteristics and psychological
distress. A recent meta-analysis [9] suggests a small but robust
relationship between psychosocial stress (e.g., psychological
distress, personality types or coping styles, stressful life events)
and cutaneous HSV-1 or HSV-2 recurrence. This relationship
was strongest for psychological distress, and for oral herpes
compared with genital herpes [9]. This comprehensive metaanalysis and more recent empirical studies [10] suggest that
HSV infections should, to some extent, be considered a psychosomatic illness. However, despite evidence for HSV recurrence malleability associated with psychological factors (e.g.,
[9, 10]), the relation between psychosocial stress and illness
severity is not fully understood [10]. A clearer understanding
of this link would have implications for the treatment and
control of HSV-2 infection.
Viral shedding is an important component of recurrent
herpetic disease. Experiments using animal models have consistently demonstrated a role of stress in reactivating latent
HSV infection (e.g., [11–13]), yet no such relationship has
been observed in humans. Some human research, however,
has observed an association between psychosocial stress and
other indicators of latent HSV-1 and HSV-2 reactivation, such
as decreased HSV-specific T-cell response [14, 15] and increased HSV antibody levels [15, 16]. Considering evidence
that genital herpes lesions are associated with more frequent
HSV-2 viral shedding [17], and that research has demonstrated a relation between psychosocial stress and cutaneous HSV
infection, it is surprising that similar effects in terms of HSV-2
viral shedding have not been observed.
HSV-2 lesion recurrence and psychosocial stress are related, and perhaps mutually influential (e.g., [9, 10]), but the
effect sizes observed to date may be somewhat attenuated, or
(as may be the case with viral shedding) may not be observed
at all. Two bases for the supposition that the HSV recurrence–
psychological distress link is stronger than is generally observed in research are noted. First, many research designs
have had an insufficient number of measurement occasions,
and permit too much time to elapse between measurement
occasions, to observe the relation between psychosocial stress
and HSV recurrence. Full specification of this relationship
between psychosocial stress and HSV-2 recurrence requires
objective measures of disease recurrence collected with sufficient duration and frequency to capture periodicity, complex
system dynamics, and bi-directional relationships. Few of the
prospective studies in a recent comprehensive meta-analysis
[9] collected daily distress ratings [18–20]; two of the three
studies which did [18, 19; and later 10] demonstrated robust
temporal effects of psychological distress on herpes

recurrence above and beyond prodromal symptoms. The data
used in the present study were collected daily, and should
yield enough sensitivity to detect even subtle associations.
The second basis for this claim is that time series require
innovative analytic strategies that capture the wealth of information contained in intensively repeated data. HSV-2 reactivation is a dynamic, cyclic process [21], and the use of
traditional linear regression or fixed effects models may misinterpret meaningful, dynamic variation instead as measurement error. If that is indeed the case, psychological distress
may have a greater influence on HSV-2 reactivation—both
lesion outbreaks and viral load—than has been previously
demonstrated in research. Recent developments in quantitative methods may help to overcome this problem.
Using contemporary models of dynamic change, the present study analyzes intensively repeated data of psychological
distress, viral shedding, and lesion occurrence collected from
19 HSV-2 seropositive women. Genital HSV-2 recurrence
was modeled as an oscillatory process using latent differential
equation models [22], and the extent to which individual
differences in psychological distress influence the periodicity
of recurrent herpetic disease was examined. We predicted that
higher levels of distress, emotion dysregulation, and emotional instability would be associated with faster cycling of HSV-2
genital lesions and viral shedding.

Methods
Sample
The sample consisted of 19 healthy HSV-2 seropositive women enrolled in a randomized, double-blind, placebo-controlled
crossover trial of acyclovir as a treatment for HSV-2 infection.
The women were recruited from a prior sample of 26 women
who participated in a study of subclinical HSV-2 shedding
[23]. Briefly, in the original study women were recruited
through newspaper advertisements and information distributed to local health care providers. Women were excluded if
they were immunocompromised, seropositive for HSV-1, or
planning pregnancy [23]. Approximately 2 years elapsed between the initial study and the present follow-up study [10].
The median age of women was 28.8 years (range=23.9–
52.9 years), and the median time since self-reported primary
infection was 3.1 years (range=1.9–4.5 years).
Procedure
The crossover trial consisted of two study arms, each lasting
approximately 10 weeks and separated by a 2-week washout
period (Medianplacebo =70 days, Medianacyclovir =71 days).
Women were randomly assigned to receive either acyclovir
400 mg twice daily (the standard suppressive dose) during the
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first study arm followed by placebo during the second study
arm, or placebo followed by acyclovir. Every 2 weeks, women
returned to the University of Washington Virology Research
Clinic in Seattle for clinic visits with a physician.
At study enrollment, women were trained how to
swab their genital area to obtain cervicovaginal, vulvar,
and perianal HSV-2 secretion samples for laboratory
processing via polymerase chain reaction (PCR). Except
during the washout period, women swabbed their genital
area daily, and placed swabs in separate vials containing
1 mL PCR digestive buffer. Women refrigerated biospecimens
after collection, and returned the specimens to the clinic
during their bi-weekly visits. Women also maintained a daily
diary in which they reported the presence of genital herpes
lesions.

Measures
Psychological Distress
Except during the washout period, women reported daily
levels of anxiety, depression, and stress using single-item
visual analog scales. Scales are 10 cm long and have anchors
of “No [psychological distress construct]” and “Most intense
[psychological distress construct] imaginable.” A line is
drawn along the scale at the point that best represents the level
of each construct over the course of the entire day. Visual
analog scales generally correlate highly with other measures
of anxiety and depression [24–26], demonstrate strong
face validity, and are easily completed on a daily basis
[10]. Similar measures have been used previously in HSV
research [10, 18, 20, 27].
A woman’s mean score across all days within a study
arm was used as an index of her trait level of anxiety/
depression, or her average stress appraisal (higher mean
values represent higher trait level distress). The frequency of oscillation around a woman’s trait level distress
(discussed below) within each study arm was used as a
proxy for emotion regulation (higher frequencies represent better ability to maintain a baseline condition). Finally, emotional reactivity was operationalized as the
magnitude of a woman’s fluctuations in distress, and
was calculated using the standard deviation of a woman’s
psychological distress scores across all days within a
study arm (higher standard deviations represent greater
emotional reactivity). All moderators were standardized
between women prior to model fitting. 1 Correlations
among moderator variables can be found in Table 1.

1
Note that after standardization, low z-scores for emotion regulation in fact
reflect better regulation, because oscillation is faster at more negative values.

HSV-2 Recurrence
HSV-2 recurrence was measured in two ways: (a) the presence
of at least one genital lesion, determined from diary entries
and/or clinician inspection during bi-weekly clinic visits; and
(b) the presence of viral shedding, determined by detection of
HSV-2 on swabs of the genital mucosa by DNA PCR procedures (a binary variable was created to indicate shedding
versus no shedding).

Statistical Analyses
Statistical Software
To test the hypotheses that psychological distress is related to
HSV-2 symptom recurrence, a series of structural equation
models was fit to the data using OpenMx v. 1.3.2 [28].
OpenMx is run inside the R statistical programming environment, and all analyses were conducted using R v. 2.15.2 [29].
Models were fit using full information maximum likelihood
(FIML) estimation procedures, which are highly efficient and
are carried out on raw data observations rather than a covariance matrix, and assume observations to be missing at random. Models fit using FIML thus have the advantage of
allowing individuals with any data present to be included in
analyses, and produce unbiased estimates and smaller standard errors when compared with other methods of handling
missingness under MAR or MCAR assumptions [30, 31].

Dynamical Systems Analysis
Time series data are not independent samplings of behavior.
Rather, the present state of a behavior is dependent upon its
previous states. Dynamical systems analysis (DSA) models
time dependent data observations as linear oscillator systems
[32–34]:
::
:
xi ¼ ηxi þ ζxi þ ei
ð1Þ
where x is the zero-order derivative or displacement from
equilibrium at time i, x ̇ is the first derivative or change in
::
displacement, x is the second derivative or rate of change in
displacement, e is the measurement error, η is the stiffness
parameter of the oscillating system (related to the frequency of
the oscillation), and ζ is the damping parameter of the
system (related to changes in the amplitude of oscillation) [35]. A system oscillates when η<0 and the amplitude of its oscillations dampens when ζ<0, amplifies
when ζ>0, or remains constant when ζ=0 [34]. The
period, or length of oscillation (i.e., the inverse of the
frequency), is then calculated as
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Table 1 Correlations among the predictor variables
Trait level distress

Trait level distress
Depressive affect
Anxiety
Stress
Emotion regulation
Depressive affect
Anxiety
Stress
Emotional reactivity
Depressive affect
Anxiety
Stress

λ¼

Emotion regulation

Depressive affect

Anxiety

Stress

1
.78
.64

1
.70

1

.00
.32
.31

–.21
.23
.28

.72
.30
.43

.64
.66
.57

1
2π
¼ sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ


f
ζ2
− ηþ
4

Depressive affect

Anxiety

Stress

–.28
.32
.43

1
.48
.27

1
.87

1

.65
.50
.68

–.58
–.67
–.70

.04
–.41
–.29

.07
–.23
–.23

ð2Þ

The dynamics of a process may change as a function of the
level of another variable [34, 35]. In a moderated system, an
exogenous variable affects the process of self-regulation exhibited by a system. This is represented mathematically as



:
::
xij ¼ η0 þ η1 z j xij þ ζ 0 þ ζ 1 z j xij þ eij

ð3Þ

where zj is the moderator (which may be continuous or discrete) for person j. The term (η0 +η1z) represents how the
frequency of a process changes as a function of the level of
moderator z. Similarly, the term (ζ0 +ζ1z) indicates how the
damping of a process varies as a function of the moderator. At
high levels of moderator z, slower frequency of oscillation and
slower return to equilibrium is observed. At low levels of z,
the process exhibits faster frequency and faster return to
equilibrium.2
The present study used structural equation modeling
(SEM) to estimate the frequency and damping parameters in
Eq. 3. Data were first time-delay embedded [36] then fit by
moderated latent differential equation (LDE) models [34, 35].
A path diagram of a moderated LDE model is presented in
Fig. 1.
Dynamical systems analysis offers an important advantage
over traditional linear regression models: distinguishing
This is the case when η1 and/or ζ1 are positive; the reverse occurs when
these estimates are negative.

2

Emotional reactivity
Depressive affect

Anxiety

Stress

1
.58
.81

1
.79

1

random measurement error from dynamic, meaningful variation. In a dynamic system, fluctuations around an equilibrium
point are a valid characteristic of the system, and DSA is
capable of modeling these fluctuations. Meaningful variation
in a dynamic or cyclic process cannot be captured by traditional linear regression and is instead assumed to be random
measurement error [33]. Therefore, DSA is more sensitive to
dynamic relationships between two variables than traditional
statistical methods for time series analysis. DSA is also not as
sensitive as linear regression to power issues arising from
small sample sizes. Like other person-centered or personspecific approaches to data analysis [37], DSA derives its
power from the number of measurement occasions, rather
than the number of persons—as few as just one individual
can be used to estimate a process.

Fig. 1 Moderated latent differential equation (LDE) model. An LDE
model is a special case of a latent growth curve model. In these models,
the latent variables (denoted in the diagram by circles) represent the x
::
(intercept), x ̇ (slope), and x (curvature) variables in Eqs. 1 and 3; the
manifest variables (denoted as squares in the diagram) are successive
observations of a process and are indicators of the underlying latent
growth curve factors. The single-headed arrows at the latent level
(labeled η0,1 and ζ0,1) are the regression coefficients from Eq. 3
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Current Approach
To account for the random assignment of conditions and the
possibility that treatment with acyclovir affected the dynamic
process of HSV-2 recurrence, the time series data were divided
into two subsets: placebo (no treatment) and acyclovir
(treatment) arms of the clinical trial. Multiple-group SEM
analyses were conducted using these subsets of data.
Due to computational limitations associated with the use of
binary outcome data in structural equation models, lesion
recurrence (0=no lesion; 1=lesion) and viral shedding
(0=no shedding; 1=shedding) were treated as continuous
variables. To account for the resulting skew (approximately
15 % of days in the placebo arm and approximately 5 % in the
treatment arm were positive for a genital lesion; in the placebo
and acyclovir arms, approximately 24 % and 8 % of days,
respectively, were positive for viral shedding), the data were
balanced by creating identical (but opposite) data observations. This results in a time-delay embedded dataset with twice
as many rows of data, but with exactly 50 % of observations
reflecting the presence of a lesion. The rationale for
“mirroring” the data is that the periodicity of lesions or shedding should not be affected by whether the data are coded 0 or
1, but rather by the length of time between changes from no
lesion/shedding to lesion/shedding (or vice versa). Data simulations suggest that this method recovers LDE parameter
estimates with high precision [38].
Prior to model fitting, a number of preliminary analyses
were conducted. First, the time dependency of data observations was examined by looking at auto-correlation function
plots [39] (ACFs; see Fig. 2). Treatment arm ACFs for each
woman demonstrated a correlation pattern that fluctuated as a
function of the time elapsed between measurement occasions,
consistent with the presence of oscillation in the HSV-2 recurrence data. Similar analyses using time-shuffled observations
did not demonstrate oscillation in the correlation patterns of
the shuffled data, providing evidence for the time dependency
of data observations. The treatment arm for most women
suggested no oscillation of HSV-2 recurrence; however,

Results
HSV-2 Genital Lesions
A moderated LDE model was fit to the time-delay embedded
genital lesion data. Model comparisons were used to
Viral Shedding ACF

0.5
0.0
−0.5
−1.0

−1.0

−0.5

0.0

Autocorrelation

0.5

1.0

1.0

Lesion Presence ACF

Autocorrelation

Fig. 2 Example auto-correlation
plots from one woman during the
placebo study arm. Solid lines are
the sample-estimated correlations,
dotted lines are 95 % confidence
intervals for time-shuffled data
observations, and thus represent
the null hypothesis that the data
are not time dependent.
Correlations are considered
statistically significant if they fall
outside of the dotted lines

because a small minority of women (5/19) did have ACFs
that suggested periodicity of HSV-2 recurrence, treatment arm
data were modeled as well.
The next step prior to model fitting was to determine an
appropriate embedding dimension [36]. It is recommended
that at least four observations (i.e., dimensions), with the
duration between measurements being no longer than 1/8 of
an oscillation period, be used in order to adequately capture
cycling [22]. To identify an appropriate number of dimensions, for each of six through 14 embedding dimensions, the
zero-order, first, and second derivatives of the data observations were calculated using a smoothing process (generalized
local linear approximation, or GLLA [40]), and multiple regression was used to estimate the η and ζ parameters of each
study arm. The η and ζ estimates were then plotted against
embedding dimension to determine the point at which these
estimates stabilize, a method that has been used previously to
identify optimal embedding dimensions [41]. Plots suggested
ten embedding dimensions were optimal. The ideal number of
embedding dimensions for frequency parameters used to approximate distress variability was computed using this same
process.
Two-group moderated latent differential equation models
[34, 35] were fit to the data. In multiple-group structural
equation models, parameters are estimated simultaneously
for each group of the parent model, and may be freely estimated or constrained to be equal across groups. Model comparisons were used to test the equivalence across groups of the
frequency and damping parameters. Variances and covariances were freely estimated across the study arms.
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determine the best-fitting model and to test the equivalence of
parameter estimates across study arms. Estimates for the bestfitting models for each moderator of lesion presence are
presented in the Lesions columns of Table 2.
The negative frequency parameter (η0) estimates support
the preliminary findings that genital lesion presence is a cyclic
process, one that is suppressed greatly by treatment with
acyclovir. Using Eq. 2 and the frequency (η0) and damping
(ζ0) parameter estimates to calculate the frequency of oscillation, it was estimated that the cycle of genital lesion presence
repeated approximately every 42 days while a woman was in
the placebo arm of the study, and was non-oscillating while on
acyclovir (oscillatory periods were estimated to be longer than
the study period [70 days], suggesting no periodicity; this was
consistent with what we observed in women’s ACF plots for
the acyclovir arm). The lack of periodicity in the treatment
arm suggests that there are insufficient measurement occasions to accurately predict periodicity or differences in periodicity as a function of distress, and that the results for this
study arm should be interpreted with caution. Therefore, we
present only results for the placebo arm in this report.
Evidence that psychological distress moderates a woman’s
genital lesion recurrence was found. Trait level depressive
affect moderated the frequency of oscillation of genital lesion
recurrence (η1 = − .006, SE=.001): When untreated with
antiviral medication, lesion onset becomes more frequent as
a woman’s trait level of depressive symptoms increases. To
illustrate, a woman exhibiting average depressive affect (relative to the sample) will experience lesion onset every
41.7 days, whereas a woman who averages one standard
deviation unit below the sample mean of depressive affect
will experience onset every 49.1 days; a woman who averages
one SD unit above the sample mean experiences lesion onset
every 36.9 days. Similar results were observed for trait anxiety
(η1 = − .003, SE=.001). Mean stress levels showed the opposite effect (η1 = .002, SE=.001), although the effects were not
as pronounced as for depressive affect and anxiety.
Emotion regulation also was a significant moderator of
HSV-2 genital lesion recurrence. Greater dysregulation in
depressive affect was associated with faster lesion cycling
(η1 = − .003, SE=.001). Similar effects were observed for
anxiety dysregulation (η1 = − .005, SE=.000) and stress
appraisal dysregulation (η1 = − .006, SE=.001). Emotional
reactivity similarly moderated HSV-2 genital lesion recurrence. More extreme shifts in depressive affect was associated
with faster cycling (η1 = − .005, SE=.001), as were shifts in
symptoms of anxiety (η1 = −.003, SE=.001) and appraisals of
stress (η1 = −.003, SE = .001). For example, a woman
displaying average reactivity with respect to depressive affect
experiences lesion onset every 41.7 days, whereas a woman
experiencing one SD unit less reactivity has a cycle that
repeats every 47.7 days; a woman experiencing one SD unit
more reactivity experiences lesion onset every 37.5 days.

To illustrate some of these results, non-zero estimates from
Table 2 were substituted into Eq. 3 and numerical integration
(using the lsoda() function in the R package ‘deSolve’ [42])
was used to generate simulated time series data conditional on
a set of starting values. The illustration in Fig. 3 is an interaction plot, and demonstrates how the untreated genital lesion
process over a 70-day period varies as a function of trait level
distress (we used depressive affect in this example). The solid
line represents the genital lesion system at the average levels
of trait depressive affect (z score=0), the short-dashed line
represents the same system at high levels of depressive affect
(one standard deviation unit above average, or z score=1), and
the long-dashed line represents the system at low levels of
depressive affect (one standard deviation unit below average,
or z score=−1). The plot demonstrates how a hypothetical
woman’s trajectory of untreated lesion recurrence might look
based on what level of trait depressive affect she exhibits
relative to other individuals.
To illustrate these results more empirically, we plotted each
study participant’s lesion recurrence over the duration of the
placebo arm (dotted lines in Electronic Supplementary Material Figs. 1a, b). We then simulated data (as described above)
using each woman’s z score for a given moderator, and
superimposed the resulting model-predicted lesion recurrence
trajectory onto her actual data observations and empirical
trajectory (which was calculated using loess smoothing). We
present two well-predicted and two poorly-predicted study
participants. The various colors represent the particular moderator used to generate the model-predicted trajectories.
HSV-2 Viral Shedding
Cycling was detected in HSV-2 viral shedding, the frequency
of which was suppressed greatly by treatment with acyclovir.
A shedding episode is initiated approximately every 41½days
while a woman was in the placebo arm of the study; no
oscillation was detected in the treatment arm, in part due
to the extensive damping of the HSV-2 viral shedding
process. Once again, we present results from the placebo
study arm only (see Viral Shedding columns of Table 2).
The frequency of oscillation of viral shedding was significantly moderated by trait depressive affect (η1 =−.008,
SE=.001). A woman experiencing average depressive affect
has a shedding cycle that repeats every 41.1 days, whereas a
woman exhibiting one SD unit less trait depressive affect
experiences shedding onset every 50.7 days; a woman
experiencing one SD unit greater average depressive affect
has a cycle lasting 35.9 days. Similar (though less marked)
results were observed for trait level anxiety (η1 =−.003,
SE=.001) and average daily stress (η1 =−.003, SE=.001).
Emotion regulation also moderated the HSV-2 viral
shedding process. Poor regulation of affect and stress
levels was associated with faster cycling (depressive
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Table 2 Parameter estimates, genital lesion recurrence as a function of psychological distress
Lesions
Estimate (SE)

Viral shedding
Pseudo-R2

Period (days)
z=−1

z=0

z=1

49.1

41.7

36.9

Estimate (SE)

Pseudo-R2

Period (days)
z=−1

z=0

z=1

50.7

41.4

35.9

.155

45.0

41.6

38.8

.151

45.1

41.6

38.8

.152

55.0

40.6

33.7

.157

55.4

40.6

33.5

.155

40.0

40.0

40.0

.159

45.9

41.6

38.3

.152

39.7

41.7

44.0

.149

41.7

41.7

41.7

.150

Trait Level Distress
Depressive affect
η0

–.023 (.001)

η1

–.006 (.001)

–.008 (.001)

ζ0

.006 (.007)

.034 (.011)

ζ1

–.002 (.006)

–.008 (.009)

.177

–.023 (.002)

Anxiety
η0

–.023 (.001)

η1

–.003 (.001)

–.003 (.001)

ζ0

.006 (.007)

.032 (.011)

ζ1

.001 (.005)

–.009 (.010)

45.1

41.8

34.5

.170

–.023 (.001)

Stress
η0

–.023 (.001)

η1

.002 (.001)

–.003 (.001)

ζ0

.006 (.007)

.034 (.011)

ζ1

.002 (.006)

–.008 (.011)

39.8

41.8

44.3

.169

–.023 (.001)

Emotion Regulation
Depressive affect
η0

–.022 (.001)

η1

–.003 (.001)

–.011 (.001)

ζ0

.006 (.007)

.031 (.011)

ζ1

.001 (.007)

.011 (.010)

45.1

41.9

39.3

.170

–.024 (.001)

Anxiety
η0

–.022 (.001)

η1

–.005 (.000)

–.011 (.001)

ζ0

.004 (.008)

.030 (.011)

ζ1

.005 (.010)

.014 (.012)

47.7

42.0

37.9

.174

–.024 (.001)

Stress
η0

–.022 (.001)

η1

–.006 (.001)

ζ0

.008 (.007)

.030 (.011)

ζ1

–.007 (.006)

.011 (.011)

48.9

41.9

37.3

.177

–.025 (.001)
–.012 (.001)

Emotional Reactivity
Depressive affect
η0

–.023 (.001)

η1

–.005 (.001)

–.004 (.001)

ζ0

.004 (.007)

.034 (.011)

ζ1

.013 (.006)

–.015 (.012)

47.7

41.7

37.5

.174

–.023 (.001)

Anxiety
η0

–.023 (.001)

η1

–.003 (.001)

.002 (.001)

ζ0

.006 (.007)

.031 (.011)

ζ1

–.002 (.006)

–.004 (.011)

44.8

41.8

39.4

.170

–.023 (.001)

Stress
η0

–.023 (.001)

η1

–.003 (.001)

.000 (.001)

ζ0

.005 (.007)

.032 (.011)

ζ1

.007 (.011)

–.002 (.013)

44.8

41.8

39.4

.170

–.023 (.001)

Values in italics are statistically significant (p<.05). Periods calculated using (statistically) non-zero parameter estimates
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Lesion

37 days

Lesion Presence

Fig. 3 Interaction plot illustrating
how HSV-2 genital lesion
recurrence varies as a function of
psychological distress. High
average psychological distress
(depressive affect is shown here)
increases the frequency of genital
lesion onset

Process
Average
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42 days

No
Lesion

Low

49 days
0

20

40

60

Day

affect regulation: η1 =−.011, SE=.001; anxiety regulation:
η1 =−.011, SE=.001; stress regulation: η1 = − .012, SE=.001).
Emotional reactivity also significantly moderated HSV-2 viral
shedding episode onset frequency. Extreme changes in depressive affect were associated with increased frequency of viral
shedding (η1 = − .004, SE=.001), whereas extreme changes in
anxiety was associated with decreased frequency of viral shedding (η1 = .002, SE=.001). Shifts in daily stress appraisals had
no effect on viral shedding cycling (η1 = .000, SE=.001). The
interaction plot in Fig. 4 illustrates how emotion regulation (as measured by stability in anxiousness) influences
the untreated cycling of HSV-2 viral load. Electronic
Supplementary Material Figs. 2a, b demonstrate how the
model-predicted trajectories compare with empiricallyderived trajectories.

were similarly generated. Data were time-delay embedded,
and 0th, 1st, and 2nd derivatives were calculated for each
process using GLLA [40], and parameter estimates were
derived using linear multiple regression. These simulation
conditions suggest that we had approximately 20–74 % power
to detect the smallest effects presented in this report (these
were calculated using more and less conservative SNRs, respectively; the ratio of variance in displacement of each process to measurement error suggests that the less conservative
SNR ratio, which corresponds to the larger power estimate, is
more appropriate).

Discussion
Recurrence of HSV-2 is related to certain psychological factors, including psychosocial distress, personality factors, and
the experience of stressful events [9]. In past research, recurrence has been defined by the appearance of a lesion, although
latent reactivation—viral shedding in the presence or absence
of lesions—occurs more frequently [43]. To better capture
HSV-2 recurrence, Strachan et al. [10] used both viral shedding and genital lesion presence as indicators of disease severity, and tested for effects that psychological factors (i.e.,
anxiety, depression, and stress) may exert on disease recurrence. In that report, psychological distress predicted lesion
onset 5 days later, but no relationship between distress and
viral shedding was observed. The present report analyzes data
from that study using contemporary models of dynamic cyclical change, which are capable of separating dynamic

Effect Size and Power
Effect sizes for each best-fitting LDE model are presented in
Table 2. The ratio of the curvature of the alternative model to
that of the null model was subtracted from one to produce a
pseudo-R2. This represents the percent reduction in error that
the linear oscillator model produces compared with a model
without causal pathways. These pseudo-R2 values ranged
from 15–18 %.
To estimate power to detect our effects, 1,000 samples for
70 observations on 19 subjects were simulated using numerical integration as described above. Data were simulated using
non-zero parameter estimates from best-fitting models and
varying signal-to-noise ratios (SNRs); data for a null model
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variation from measurement error in order to detect cyclic
processes.
A series of moderated LDE models [34, 35] showed
that higher levels of psychological distress were associated with shorter time durations between onsets of both
lesion and shedding episodes. The same pattern was
observed for emotion regulation and emotional reactivity: Women with a greater capacity to maintain their
baseline level of emotion or who experienced less extreme mood states tended to have a greater length of
time between onsets of recurrence episodes. Overall, our
results suggest that HSV-2 seropositive women who
have low trait levels of distress, are better able to
regulate their affect or stress levels, or who respond
less intensely to daily stressors may be better equipped
to regulate both cutaneous recurrence and asymptomatic
reactivation of HSV-2.
Associations between psychological distress and more
frequent herpes lesions are reliably observed in the
literature [9], but the viral shedding–distress association
we observed represents a novel contribution—to our
knowledge, this is the first such report of this phenomenon in humans. Our finding is consistent with a wide
body of immunology research documenting the immunosuppressive effects of psychological distress [44]; is
validated by research using animal models that has
demonstrated similar effects [11–13]; and expands on
human research that has observed this association using
indirect measures [45–47] of asymptomatic latent HSV
reactivation (e.g., antibody production, T-cell response
[14–16]) by demonstrating a direct psychophysiological
link. We suggest that replication studies utilize dynamical systems analysis or other analytic methods capable
of detecting periodicity in HSV-2 recurrence; past research using traditional analytic methods—which mistake “error” arising from periodicity for error resulting
from measurement imprecision—has not observed a distress–shedding link [10]. Indeed, examining how psychological distress (or other important moderating factors) predicts
deviations from the average recurrence trajectory of the sample may be a more sensitive, fruitful line of research to pursue
moving forward.
The current study also offers a unique, applied perspective
to the HSV literature. A particular strength of the model we
use is that it is predictive of HSV-2 recurrence patterns over a
70-day period of time; most prior research has focused on
explanatory models of HSV-2 recurrence as a function of
psychological distress in just the few days prior to a lesion
outbreak or shedding episode. Both explanatory and predictive models are important and necessary to understand HSV-2
recurrence, but dynamic models may have particular utility for
developing psychological interventions as an adjunct treatment for individuals with genital herpes.

Limitations and Future Directions
Several limitations of the present study are noted. The generalizability of our results to HSV-2 seropositive men is limited.
Although men and women experience comparable rates of
subclinical HSV-2 recurrence [48], there is some evidence that
men may experience more frequent lesions than women [49].
Men and women also differ in terms of depressive affect [50],
symptoms of anxiety [51], and responsiveness to stress [52].
Our sample also excluded women who had HSV-1 antibodies.
This may limit the generalizability of our findings to women
seropositive for both HSV-1 and HSV-2, although research
suggests that rates of symptomatic and asymptomatic recurrence are comparable among women who are seropositive for
types 1 and 2 versus type 2 alone [53].
A limitation of linear oscillator models is that they can
estimate the number of days that elapse between the onset of
lesion or shedding episodes, but not the length of recurrence
episodes or length of lesion- or shedding-free days between
episodes. Different analysis approaches that do not involve
smoothing methods are required to answer these questions,
and would complement information provided through the
analysis of HSV-2 recurrence from a dynamical systems perspective. Still, DSA may be useful for predicting times when
instances of cutaneous HSV-2 recurrence and/or asymptomatic reactivation of latent HSV-2 infection may cluster.
Although higher distress, poorer emotion regulation, and
greater emotional reactivity was associated with decreased
time between the onset of lesion or shedding episodes was
observed, there were a few deviations from this pattern (stress
and lesion recurrence, anxiety reactivity and latent reactivation). The anxiety reactivity and shedding association was in
fact nonsignificant in the fully saturated model (i.e., a model
which included the interaction of treatment arm), suggesting
that this may be a chance finding. All of the other findings
were significant in both the saturated and the nested, reduced
models. The stress level and lesion association finding was
surprising, particularly since we observed a protective effect
of low average stress levels on HSV-2 viral shedding frequency. Replication of this association using other samples will be
necessary to determine whether this finding also represents a
random deviation from an overall distress–periodicity pattern,
or whether there is something particular about average daily
stress levels that produces this paradoxical finding.
Although we exercise caution in interpreting this unexpected finding, one possible explanation is that stress—as opposed
to symptoms of anxiety or depression—results in more frequent shedding of virus but does not reduce the host’s ability
to clear virus from mucosal membranes. It is widely accepted
that chronic stress suppresses and acute stress boosts immune
functioning [44], and research suggests that perceived stress
or affective reactivity to stress are the salient factors in the
stress–immunity relationship rather than the stressful events
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themselves ([54–56]; but see [57]). Women in the current
study indicated how much stress they experienced daily, but
without data regarding the nature of the stressors they encountered (e.g., objective vs. subjective, acute vs. chronic), it is
difficult to speculate why average stress levels did not follow
the same pattern we observed for the remaining moderators.
Past research suggests that persistent versus acute stress is an
important distinction in HSV-2 research [27], and future research that differentiates between these types of stress may
prove important for understanding why a protective effect of
average stress on HSV-2 lesion recurrence emerged in the
present study.
The model used in the present report was unable to detect
periodicity in the treatment arm of the study. This could be
because acyclovir was highly effective at reducing the recurrence of HSV-2 genital lesions and viral shedding, but it could
also be due to too few measurement occasions in the treatment
arm to detect a drastically reduced frequency of HSV-2 recurrence, or to some combination of these two factors. The
current analyses suggest that the study of HSV-2 recurrence
periodicity as a function of antiviral treatment (in the presence
or absence of individual differences in psychological distress)
requires following individuals prospectively for an extended
length of time—longer than the time frame used (70 days per
study arm). Some research measuring viral shedding multiple
times daily suggests that HSV viral shedding episodes may
occur more frequently than once daily [58]; it is also possible
that daily swabbing was not frequent enough to detect viral
shedding of short duration in both study arms, resulting in an
over-smoothing of the process (and thus underestimating the
frequency of viral shedding). Future research may also
need to increase the frequency with which biospecimen
samples are collected.
Although the current study considered the effect of individual differences in psychological distress, the role that other
psychological processes (such as personality factors) may
play in HSV-2 recurrence patterns was not considered. Past
research has not observed an effect of personality factors on
genital herpes recurrence [9, 10], but the dynamical systems
approach taken in this paper may illuminate an association
between personality factors and HSV-2 recurrence periodicity.
Non-psychological moderators that may explain a significant
proportion of variation in recurrence periodicity also were not
examined. Aging (associated with greater deficiencies in immunity [59]), and time elapsed since primary infection (associated with reduced frequency of recurrence [4]) may be
important factors to consider in future research.
Past research suggests that psychological distress may be
both a cause and a consequence of HSV-2 recurrence [10].
Rather than considering individual differences in the periodicity of HSV-2 recurrence, future research may model HSV-2
recurrence and psychological distress instead as coupled processes [31, 60]. Such models may be an alternative to linear

regression or auto-regressive models to understand temporal
relationships between, for example, increases in anxiety and
the onset of a lesion or shedding episode. Future research may
also focus on how the coupling between genital lesion recurrence and viral shedding varies as a function of psychological
distress or emotion regulation; theoretically, individuals under
less distress will have weaker coupling of genital lesion recurrence to viral shedding episodes. Our group is currently investigating these questions for both recurrent HSV-2 genital
herpes and recurrent HSV-1 cold sores.

Treatment Implications
The results in this report have implications for the
psychological management (secondary to treatment with
antiviral medication) of genital herpes infections. Cognitive behavioral therapy, with a focus on cognitive
restructuring, stress management, relaxation training, imagery, and disease education has gained empirical support for reducing genital herpes recurrence rates
[61–64]. The current findings suggest that interventions
targeted at reducing overall distress levels and improving response to distress (e.g., enhancing emotion regulation skills) may also be helpful for reducing the recurrence rate for individuals with HSV-2 genital herpes.
The viral shedding results have particular implications
for disease control. For example, stress management interventions might be developed for HSV-2 serodiscordant couples to test whether such an intervention reduces the risk of
transmission to the uninfected partner. Psychoeducation and
stress management techniques may also be provided by physicians diagnosing new cases of HSV-2 genital herpes to help
reduce the spread of the disease.

Conclusions
HSV-2 recurrence is a dynamic process that varies as a
function of psychological distress, emotional stability,
and emotion regulation. Onset of cutaneous HSV-2 recurrence and reactivation of latent infection were more
frequent in women with higher average distress levels,
more labile moods, and less effective emotion regulation.
The results presented here are consistent with research
indicating that psychological distress suppresses immune
system functioning, and this report provides new evidence that HSV-2 viral shedding is related to, and regulated by, psychological distress. Dynamical systems analysis will prove useful for observing HSV-2 recurrence
processes, and others like them, in the future.
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