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Abstract
Background and Objectives
Although an infectious etiology of Alzheimer disease (AD) has received renewed attention with a
particular focus on herpes viruses, the longitudinal effects of symptomatic herpes virus (sHHV)
infection on brain structure and cognition remain poorly understood, as does the effect of sHHV
on AD/neurodegeneration biomarkers.

Methods
We used a longitudinal, community-based cohort to characterize the association of sHHV di-
agnoses with changes in 3 TMRI brain volume and cognitive performance. In addition, we related
sHHV to cross-sectional differences in plasma biomarkers of AD (β-amyloid [Aβ]42/40), astro-
gliosis (glial fibrillary acidic protein [GFAP]), and neurodegeneration (neurofilament light
[NfL]). Baltimore Longitudinal Study of Aging participants were recruited from the community
and assessed with serial brainMRIs and cognitive examinations over an average of 3.4 (SD = 3.2)
and 8.6 (SD = 7.7) years, respectively. sHHV classification used International Classification of
Diseases, Ninth Revision codes documented at comprehensive health and functional screening
evaluations at each study visit. Linear mixed-effects and multivariable linear regression models
were used in analyses.

Results
A total of 1,009 participants were included in the primary MRI analysis, 98% of whom were
cognitively normal at baseline MRI (mean age = 65.7 years; 54.8% female). Having a sHHV
diagnosis (N = 119) was associated with longitudinal reductions in white matter volume (annual
additional rate of change −0.34 cm3/y; p = 0.035), particularly in the temporal lobe. However,
there was no association between sHHV and changes in total brain, total gray matter, or AD
signature region volumes. Among the 119 participants with sHHV, exposure to antiviral treat-
ment attenuated declines in occipital white matter (p = 0.04). Although the sHHV group had
higher cognitive scores at baseline, sHHV diagnosis was associated with accelerated longitudinal
declines in attention (annual additional rate of change −0.01 Z-score/year; p = 0.008). In
addition, sHHV diagnosis was associated with elevated plasma GFAP, but not related to Aβ42/40
and NfL levels.

Discussion
These findings suggest an association of sHHV infection with white matter volume loss, attentional
decline, and astrogliosis. Although the findings link sHHV to several neurocognitive features, the
results do not support an association between sHHV and AD-specific disease processes.
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Age-related cognitive decline remains a prominent public
health challenge, with Alzheimer disease (AD) accounting for
the majority of dementia diagnoses (i.e., 60%–80%).1 Despite
its growing prevalence, the biological mechanisms that trigger
and exacerbate AD remain poorly understood. Recent find-
ings indicate the molecular processes underlying AD can
begin years or even decades before the onset of behavioral
symptomology, whereas epidemiologic, preclinical, and au-
topsy evidence suggests infectious pathogens may increase
dementia risk.2,3 In turn, these findings have prompted re-
searchers to investigate the potential CNS consequences of
chronic viral infections.

The possibility of an infectious etiology of AD has received
renewed (albeit controversial) enthusiasm, with a particular focus
on human herpes viruses (HHVs). Contemporary debate of this
hypothesis was spurred in the 1990s on the observation of herpes
simplex virus (HSV)-1 DNA in AD brains.4 More recently,
studies leveraging large-scale clinical cohorts and electronic
health records in Asia (Taiwan and South Korea), Europe
(France,Wales, Germany, Scotland, Denmark, and Sweden) and
theUnited States have suggested an association between herpetic
infection and increased risk for dementia, with evidence of de-
creased risk among infected individuals exposed to antiviral
medication.5-10 Several functional validation studies in preclinical
models have also supported the relationship between HHVs and
dementia risk, while neuroimaging evidence indicates the in-
creased dementia risk associated withHHVsmay be attributed to
compromised white matter.3,11 However, some studies have
found conflicting results, and a recent meta-analysis found in-
sufficient evidence to suggest an association between HHVs and
the risk for dementia or mild cognitive impairment (MCI).12-14

Furthermore, it is still unknown whether herpetic infections are
associated with longitudinal alterations in regional brain volumes
or cognitive performance, nor have herpetic infections been as-
sociated with validated plasma biomarkers of AD pathology, re-
active astrogliosis, and neurodegeneration within a single cohort.
Longitudinal studies of this nature have the advantage of cap-
turing the temporal link between herpetic infection and a dy-
namic set of neurocognitive changes while reducing the influence
of reverse causation and residual confounding on study results.

Using data from the Baltimore Longitudinal Study of Aging
(BLSA), this study characterized the association between
symptomatic HHV (sHHV) diagnoses and longitudinal changes
in brain volume and cognitive performance. In addition, analyses
examined the association of sHHV with plasma biomarkers of

AD (β-amyloid [Aβ]42/40), reactive astrogliosis (glial fibrillary
acidic protein [GFAP]), and neurodegeneration (neurofilament
light [NfL]). Among a subset of participants with sHHV di-
agnoses, the association of antiviral treatment with outcome
measures was also assessed. Given the reported effects of HHVs
on the temporal cortex, previous associations with white matter
abnormalities, and evidence for involvement in AD, we hy-
pothesized that sHHV diagnoses are associated with volumetric
loss in white matter (particularly in the temporal lobe) and
volume loss in a set of gray matter structures known to be
vulnerable to AD-related atrophy.15-20 In addition, we hypoth-
esized that sHHV diagnoses are associated with declines in
cognitive performance (particularly memory), and greater levels
of biomarker-defined amyloidosis, reactive astrogliosis, and
neurodegeneration.

Methods
Study Sample
This study used data from the BLSA, an ongoing longitudinal
study in Baltimore,MD, designed to assess physical and cognitive
measures in a cohort of community-dwelling volunteers. Partic-
ipants received comprehensive health and functional screening
evaluations at each study visit and were free of major chronic
diseases as well as cognitive and functional impairment at the time
of enrollment. In accordance with institutional review board–
approved protocols, evaluations at study visits were completed by
licensed healthcare professionals (e.g., nurse practitioner and
medical doctor). A detailed description of the BLSA study design
and its procedures have been published elsewhere.21

Primary analyses evaluated the association of sHHV diagnoses
with regional brain volumes obtained from 3TMRI. Secondary
analyses evaluated the association of sHHV with performance
across 5 cognitive domains and plasma biomarkers. As illus-
trated in Figure 1, comprehensive cognitive assessments were
initiated between 1984 and 1993. Repeated 3 T MRIs were
initiated in 2009–2010. Plasma biomarkers were measured at
the time of the initial 3 T MRI and, for a subset of participants,
at the time of a first PET scan as part of a separate study. Study
visits occurred biannually until 2005, then every 1–4 years
depending on age (age <60 years, every 4 years; age 60–79
years, every 2 years; and age ≥80 years, every year). Participants
entered the study at different times and thus varied about
follow-up times due to BLSA’s continuous enrollment. As
displayed in Figure 1, participants were selected if they had

Glossary
AD = Alzheimer disease; Aβ = β-amyloid; BLSA = Baltimore Longitudinal Study of Aging; CDT = clock-drawing test; eGFR =
estimated glomerular filtration rate; GFAP = glial fibrillary acidic protein; HHV = human herpes virus; HSV = herpes simplex
virus; ICD-9 = International Classification of Diseases, Ninth Revision; IQR = interquartile range; MCI = mild cognitive
impairment;MUSE = multiatlas region segmentation utilizing ensembles;NfL = neurofilament light; ROI = region of interest;
sHHV = symptomatic HHV; VZV = varicella-zoster virus.
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MRI, cognitive, or plasma biomarker data, International Clas-
sification of Diseases, Ninth Revision (ICD-9) codes, and did
not display the existence of significant health conditions that
could affect brain structure or function (e.g., stroke, seizures,
and brain surgery). For sHHV+, the baseline visit for MRI or
cognitive assessment for each participant was the earliest visit at
which the presence of sHHV diagnosis was documented. For
sHHV-, the baseline visit for MRI or cognitive assessment for
each participant was the earliest visit at which the absence of
sHHV diagnosis was documented.

Standard Protocol Approvals, Registrations,
and Patient Consents
The BLSA protocol was approved by the Institutional Review
Board of the National Institute of Environmental Health
Science, NIH (03AG0325), and this study has been approved
by its ethical standards committee. All participants gave
written informed consent before participation, and deidenti-
fied BLSA data were used for analyses.

sHHV Diagnoses
Participants were categorized according to the presence (+) or
absence (−) of sHHV diagnoses using ICD-9 codes corre-
sponding to herpetic diagnoses documented in participant
medical history reports collected at comprehensive health and
functional screening evaluations at each study visit beginning as
early as 1960 (varicella-zoster virus [VZV]: ICD-9 codes 053.0X:
53.9X; HSV1 or HSV2: ICD-9 codes 054.1X:54.XX). Thus,
participants with documented codes that corresponded to
chicken pox (i.e., 52.9) were not classified as sHHV in this study.
Due to the lack of serologic testing for HHVs in the BLSA, the
specificity of virus documentation could not be independently
verified. In addition, the specificity of HSV1 andHSV2 could not
be distinguished because participant history reports often used

similar ICD-9 codes for both diagnoses. Such classification par-
allels methodology used in recent large-scale studies, whereby
the diagnosed sample primarily represents HHV-infected par-
ticipants with clinical symptoms severe enough to report during
patient-health care provider consultations.5-7,9 Such categoriza-
tion also reflects the potential mechanisms by which HHVs may
ultimately contribute to dementia risk, whereby the recurrent
activation and virial replication typically associated with symp-
tom presentation (as well as the collateral consequences on host
cells and tissues associated with this reactivation) may over time
contribute to aberrant biological processes in the CNS.3,22 In
addition, given that HHV prevalence is high (>90%) and routine
serologic assays can vary with the degree of viral reactivation at
the time of assessment, the inclusion of titer measurements may
have enabled the exclusion of seronegative participants but
would have unlikely enhanced the operationalized construct of
sHHV diagnoses.23-27

Antiviral Treatment
Antiviral treatment was defined as the use of one of the following
agents documented in participant medical history reports col-
lected at any visit: acyclovir, cidofovir, famciclovir, ganciclovir,
valaciclovir, valganciclovir, brivudine, tromantadine, idoxuridine,
and penciclovir. Antiviral treatment alone was not considered
sufficient to support sHHV diagnostic classification.

3 T MRI
T1-weightedmagnetization-prepared rapid gradient echo scans
were acquired on a 3 T Philips Achieva (repetition time = 6.8
milliseconds, echo time TE = 3.2 milliseconds, flip angle = 8°,
image matrix = 256 × 256, 170 slices, pixel size = 1 × 1mm, and
slice thickness = 1.2 mm). We applied a validated, multiatlas
label fusion approach specifically designed to achieve a con-
sistent parcellation of brain anatomy in longitudinal MRI

Figure 1 Study Design and Participant Selection

BLSA = Baltimore Longitudinal Study of Aging; ICD-9 = International Classification of Diseases, Ninth Revision; sHHV = symptomatic human herpes virus.
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studies using T1-weighted sequences. By combining different
atlases, warping algorithms, standardizing parameters, and us-
ing a consensus labeling approach to fuse these labels into a
final segmentation, the multiatlas region segmentation utilizing
ensembles (MUSE) anatomic labeling method generates an
ensemble of labeled atlases in target image space; a detailed
description of the MUSE method has been previously pub-
lished.28 Primary analyses examined total brain, total gray
matter, and total white matter volumes, as well as AD signature
region volume: the combined volume of hippocampus, para-
hippocampal gyrus, entorhinal cortex, posterior cingulate gy-
rus, precuneus, and cuneus regions of interest (ROIs), similar
to previous investigations.29 Secondary analyses examined lo-
bar ROIs if associations with total gray matter or white matter
volume met statistical significance.

Cognitive Domains
Performance was assessed in composite scores across 5 cognitive
domains, as described previously,30 with individual task com-
ponents in each domain chosen based on previous BLSA pro-
cedures. In brief, scores from individual cognitive tasks were
standardized (converted to a z score using the baselinemean and
SD) and averaged within each cognitive domain. As certain
cognitive tasks were initiated in the BLSA at different periods
according to protocol changes, composite scores for participants
at each visit were computed from those tasks available at the time
of clinical assessment. Attentionwas assessed using TrailMaking
Test Part A and the Digit Span Forward subset of the Wechsler
Adult Intelligence Scale-Revised. Executive function was
assessed using Trail Making Test Part B and the Digit Span
Backward subset of the Wechsler Adult Intelligence Scale-
Revised. Verbal fluency was assessed using Verbal Fluency-
Letters (F, A, S) and Verbal Fluency-Categories (fruits, animals,
vegetables). Verbal memory was assessed using immediate (sum
of 5 learning trials) and long-delay free recall from the California
Verbal Learning Test. Visuospatial ability was assessed using a
modified version of the Educational Testing Service Card Ro-
tations Test and 2 clock-drawing tests (CDTs), where partici-
pants were asked to draw the hands and face of clocks indicating
3:25 and 11:10. Here, a composite score was calculated using the
mean of the standardized z scores from the Card Rotations Test
and the mean of the CDTs.

Plasma Biomarkers
Participants with 3 TMRI data and available plasma specimens
were selected for biomarker measurement. Plasma biomarkers
were measured from blood collected at the time of the baseline
3T MRI and, for a subset of participants, at the time of a first
PET scan as part of a separate study. Bloodwas stored at −80°C
using standardized protocols until the day of analysis. Aβ40,
Aβ42, NfL, and GFAP concentrations were measured in EDTA
plasma using the single-molecule array (Simoa) neurology
4-Plex E assay on the Simoa HD-X instrument (Quanterix
Corp., Billerica, MA). Assays were run in duplicate and values
averaged. Intra-assay coefficients of variation were 2.8, 1.9, 5.1,
and 5.0 for Aβ40, Aβ42, NfL, and GFAP, respectively. Values for
NfL and GFAP were log2 transformed to correct for skewness.

Biomarker values were standardized, and at a threshold of 5
SDs, no outliers were detected.

Covariates
Baseline age, sex (male/female), race (White/non‐White; see
Table 1 for non‐White categories), and education level (years)
were defined based on participant reports. APOEe4 carrier status
(0 e4 alleles/≥1 e4 alleles/unknown) was defined by PCR with
restriction isotyping using the Type IIP enzyme Hhai or the
Taqman method, as described previously.31 The estimated glo-
merular filtration rate (eGFR)-creatinine was defined at the time
of biomarker measurement using the Chronic Kidney Disease-
Epidemiology Collaboration criteria.32 Chronic comorbid con-
ditions that represent potential confounders were defined using a
comorbidity index calculated as the sum (score range: 0–8;
converted to a percentage to account for missing data) of 8
comorbid conditions: obesity, hypertension, diabetes, cancer,
ischemic heart disease, chronic heart failure, chronic kidney dis-
ease, and chronic obstructive pulmonary disease.33

Statistical Analyses
Linear mixed-effects models were used to examine associa-
tions of sHHV diagnoses with baseline and longitudinal rates
of change in measures of brain volume and cognition. All
models also included the following fixed effects as covariates:
baseline age, sex, race, education, APOEe4, comorbidity in-
dex, and the interactions of age, sex, race, education, APOEe4,
and comorbidity index with time. Analyses of brain volumes
also adjusted for baseline intracranial volume defined at age
70. The main fixed effects of interest were sHHV, time (time
from baseline visit), and sHHV × time. From this model
specification, the fixed effect of sHHV estimated the cross-
sectional association between sHHV and baseline brain vol-
ume and cognition, sHHV × time estimated the effect of
sHHV on brain volume and cognition rates of change, and
time estimated the average rate of change when all the pre-
dictors that interact with time are equal to zero. Random
effects of intercept and time with unstructured covariance
were included to account for the within-subject correlation of
the repeated assessments. Separate linear mixed-effects
models incorporated 2-way and 3-way interaction terms
(sHHV × moderator, sHHV × moderator × time) to examine
whether sex, APOEe4 status, and age modified the association
of sHHV with brain volume and cognition both at baseline
and longitudinally. Independent samples t tests followed by
multivariable linear regression analysis adjusting for covariates
listed above were used to examine differences in plasma bio-
markers by sHHV diagnoses. Analyses of plasma biomarkers
also adjusted for eGFR-creatinine. Separate linear regression
models incorporated 2-way interaction terms (sHHV ×
moderator) to examine whether sex, APOEe4 status, and age
modified the association of sHHV with biomarkers. Among a
subset of sHHV+ participants, the association of antiviral
treatment on outcome measures was also assessed using
similar models. Sensitivity analyses were performed to ex-
amine the effect of excluding participants on cognitive im-
pairment (i.e., dementia, MCI, and impaired but not MCI) at
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Table 1 Baseline Characteristics of the Sample Selected From the Baltimore Longitudinal Study of Aging forMRI Analyses

Baseline characteristics Total sample (N = 1,009) sHHV (+) (N = 119) sHHV (2) (N = 890)

Demographic variables

Age, y 65.7 (14.9) 67.9 (12.4) 65.4 (15.2)

Femalea 553 (54.8) 76 (63.9) 477 (53.6)

White race 665 (66.2) 79 (66.4) 586 (66.2)

Non-White race 339 (33.8) 40 (33.6) 299 (33.8)

Education, y 17.1 (2.4) 17.0 (2.7) 17.1 (2.4)

APOE«4 alleles

0 «4 Alleles 654 (64.8) 83 (69.7) 571 (64.2)

1–2 «4 Alleles 244 (24.2) 35 (29.4) 209 (23.5)

Missinga 111 (11.0) 1 (0.8) 110 (12.4)

Comorbidity variables

Hypertension 335 (33.5) 47 (39.8) 288 (32.7)

Diabetes 51 (5.1) 3 (2.5) 48 (5.5)

Obesity 220 (22.1) 25 (21.2) 195 (22.2)

Heart ischemic disease 58 (5.8) 11 (9.3) 47 (5.4)

Congestive heart failure 68 (6.8) 13 (11.0) 55 (6.3)

Cancer 100 (10.2) 12 (10.2) 88 (10.1)

COPD 125 (12.6) 17 (14.4) 108 (12.3)

CKD 188 (19.0) 30 (25.4) 158 (18.1)

Cognitive status

Cognitively normal 985 (97.6) 118 (99.2) 867 (97.4)

Impaired but not MCI 9 (0.9) 0 (0.0) 9 (1.0)

MCI 1 (0.1) 0 (0.0) 1 (0.1)

Dementia 14 (1.4) 1 (0.8) 13 (1.5)

Follow-up time, y 3.4 (3.2) 3.7 (3.2) 3.3 (3.2)

No. of participants by visit

1 1,009 (100.0) 119 (100.0) 890 (100.0)

2 625 (61.9) 77 (64.7) 548 (61.6)

3 423 (41.9) 54 (45.4) 369 (41.5)

4 275 (27.3) 36 (30.3) 239 (26.9)

5 143 (14.2) 21 (17.6) 122 (13.7)

6 63 (6.2) 4 (3.4) 59 (6.6)

7 28 (2.8) 0 (0.0) 28 (3.1)

8 10 (1.0) 0 (0.0) 10 (1.1)

9 5 (0.5) 0 (0.0) 5 (0.6)

10 3 (0.3) 0 (0.0) 3 (0.3)

11 1 (0.1) 0 (0.0) 1 (0.1)

Continued
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baseline (procedures for determining cognitive status are de-
tailed elsewhere34). Post hoc analyses were performed to ex-
amine the relationship between VZV-infected sHHV+ status
and each neurocognitive outcome; limitations in sample size
prohibited subgroup analyses of HSV-1/2-infected sHHV+
participants. Statistical significance was defined at 2-sided
p < 0.05. All statistical analyses were performed using SAS
statistical software version 9.4 (SAS Institute, Cary, NC). Fig-
ures were generated in R version 3.4.0 (R Foundation, Vienna,
Austria). Data from the BLSA are available on request from the
BLSA website (blsa.nih.gov). All requests are reviewed by the
BLSA Data Sharing Proposal Review Committee.

Data Availability
Anonymized data not published within this article may be
shared on request from qualified investigators for purposes of
replicating procedures and findings.

Results
sHHV Infection and Brain Volume Trajectory
A total of 1,009 participants were included in primary MRI
analyses (Table 1; Figure 1). The average follow-up time for
the overall sample was 3.4 years (median 3.2; interquartile
range [IQR] 0.0–6.2). Participants had an average of 2.4 (SD
= 1.5)MRI scans (range 1–11). The average time between the
initial date of documented sHHV diagnoses and the first 3T
MRI was 16.8 years (median 15.0; IQR 4.0–26.0; min/max
0.0/41.5). Among the 119 sHHV+ participants, 68.9%
(n = 82) reported a history of VZV and 31.1% (n = 37)
maintained a history of HSV1 or HSV2; 25.2% (n = 30)
maintained a history of antiviral treatment.

The associations of sHHV diagnoses with baseline brain
volume and longitudinal brain volume changes are

Table 2 Covariate Adjusted Differences in Brain Volumes and Annual Brain Volume Changes Between Cases With and
Without sHHV Diagnoses

Difference in baseline volume, cm3 Difference in rate of change, cm3/y

β (SE) p Value β (SE) p Value

Total brain volume 0.942 ± 3.397 0.782 0.191 ± 0.356 0.591

Gray matter −0.530 ± 2.372 0.823 0.400 ± 0.280 0.153

White matter 0.050 ± 2.392 0.983 20.336 ± 0.158 0.035

Temporal 0.010 ± 0.569 0.986 20.079 ± 0.037 0.034

Parietal 0.172 ± 0.562 0.759 −0.073 ± 0.039 0.058

Frontal 0.041 ± 1.105 0.970 −0.122 ± 0.073 0.096

Occipital −0.258 ± 0.354 0.466 −0.035 ± 0.018 0.056

AD signature regiona 0.171 ± 0.350 0.625 0.028 ± 0.029 0.338

Abbreviations: A = Alzheimer disease; sHHV = symptomatic human herpes virus.
All bolded values indicate p < 0.05. Linear mixed-effects models adjusted for baseline intracranial volume, age, sex, race, education, APOEe4, comorbidity
index (i.e., obesity, hypertension, diabetes, cancer, ischemic heart disease, chronic heart failure, chronic kidney disease, and chronic obstructive pulmonary
disease), and 2-way interactions of age, sex, race, education, APOEe4, and comorbidity index with time were used to determine differences in brain volumes
and differences in annual rates of brain volume changes. βs represent adjusted differences in brain volumes and estimated annual brain volume changes
between groups (sHHV+/−).
a Combined volume across hippocampus, parahippocampal gyrus, entorhinal cortex, posterior cingulate gyrus, precuneus, and cuneus.

Table 1 Baseline Characteristics of the Sample Selected From the Baltimore Longitudinal Study of Aging for MRI Analyses
(continued)

Baseline characteristics Total sample (N = 1,009) sHHV (+) (N = 119) sHHV (2) (N = 890)

HHV type

VZV 82 (8.1) 82 (68.9) —

HSV1/2 37 (3.6) 37 (31.1) —

Antiviral treatment 45 (4.5) 30 (25.2) 15 (0.2)

Abbreviations: CKD = chronic kidney disease; COPD = chronic obstructive pulmonary disease; HHV = human herpes virus; HSV 1/2 = herpes simplex virus-1/2;
MCI = mild cognitive impairment; sHHV = symptomatic human herpes virus; VZV = varicella‐zoster virus.
Non‐White includes Black, American Indian or Alaska Native, Chinese, Filipino, Hawaiian, Japanese, Other Asian or Pacific Islander, Other non‐White. Values
are displayed as mean (SD) or frequencies (percentages). We used t tests for continuous variables and χ2 for categorical variables.
a Difference between sHHV(+) and sHHV(−) groups statistically significant (p < 0.05).
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provided in Table 2. Baseline brain volumes did not sig-
nificantly differ by sHHV status. However, sHHV was as-
sociated with accelerated longitudinal declines in white
matter volume (β = −0.336, SE = 0.158, p = 0.035;
Figure 2C). Follow-up analyses indicated that the most
prominent sHHV-associated white matter loss was in the
temporal lobe (β = −0.079, SE = 0.037, p = 0.034;
Figure 2D). Although not statistically significant, similar
patterns of volume loss were observed across other white
matter regions (Table 2). We found no association of
sHHV with longitudinal changes in total brain, total gray,
or AD signature region volumes. Results were similar when
analyses were restricted to participants cognitively normal
at the time of baseline MRI (eTable 1, links.lww.com/WNL/
C255). Unadjusted analyses are provided in eTable 2; fully
adjusted models are provided in eTable 3. In addition, there
was no evidence for effect modification by sex, APOEe4 status,
or age, and results were consistent when analyses were re-
stricted to VZV-infected sHHV+ participants. Among sHHV+
participants, exposure to antiviral treatment was associated with

slower declines in occipital white matter volume (β = 0.097, SE
= 0.046, p = 0.036; eTable 4; unadjusted analyses are provided
in eTable 5). For descriptive purposes, we also provided the
association of sHHV with all defined MRI ROIs in eTable 6.

sHHV Infection and Cognitive Trajectory
Next, we examined the association of sHHV diagnoses with
subsequent changes in performance across 5 cognitive domains. A
total of 2,160 participants were included in this analysis (Figure 1).
Participant characteristics are provided in eTable 7 (links.lww.
com/WNL/C255). The average cognitive follow-up time was 8.6
years (median 7.0; IQR 1.9–14.5); participants had an average of
4.2 cognitive assessments (range 1–23). The average time be-
tween the date of documented sHHV diagnoses and the first
cognitive assessment (defined by the verbalmemory domain) was
9.3 years (median 3.5; IQR 1.0–16.0; min/max: 0.0/33.8).

sHHV was associated with better performance on measures of
attention, executive function, and verbal memory at baseline
(Figure 3, A–C; eTable 8, links.lww.com/WNL/C255). Despite

Figure 2 Estimated Changes in Total Brain, AD Signature Region, White Matter and Temporal White Matter Volumes (cm3)
Associated With sHHV Diagnoses

Estimated volumes derived from linear mixed-effects models were adjusted for baseline intracranial volume, age, sex, race, education, APOEe4, comorbidity
index (i.e., obesity, hypertension, diabetes, cancer, ischemic heart disease, chronic heart failure, chronic kidney disease, and chronic obstructive pulmonary
disease), and 2-way interactions of age, sex, race, education, APOEe4, and comorbidity index with time. βs and corresponding p values represent adjusted
differences in estimated annual brain volume changes between groups (sHHV+/−). AD = Alzheimer disease; sHHV = symptomatic human herpes virus.
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having better cognition cross-sectionally, sHHV+ participants
demonstrated greater longitudinal declines in attention
(β = −0.011, SE = 0.004, p = 0.008; Figure 3A). Baseline age
modified the association between sHHV and change in attention,
whereby sHHV-associated declines in attention were stronger in
younger participants (3-way interaction: β = −0.001, SE <
0.000, p = 0.008; Figure 3D). sHHV was not significantly as-
sociated with longitudinal changes in other areas of cognition
(eTable 8). Unadjusted analyses are provided in eTable 9; fully
adjusted models are provided in eTable 10. The results were
consistent when analyses were restricted to VZV-infected
sHHV+ participants. APOEe4 status modified the association
of sHHVwith declines in the verbal fluency domain (β = 0.019,
SE = 0.010, p = 0.043), whereby sHHV-associated declines
were greater in APOEe4-negative participants. However, the
sHHV− verbal fluency associations were not significant in
stratified analyses. The sHHV-cognition results were similar
when analyses were restricted to participants cognitively nor-
mal at the time of baseline cognitive assessment (eTable 11).
Among sHHV+ participants, exposure to antiviral treatment

was associated with higher verbal fluency abilities at baseline (β
= 0.197, SE = 0.093, p = 0.036); however, antiviral treatment
was not related to changes in other cognitive domains (eTa-
ble 12; unadjusted analyses are provided in eTable 13).

sHHV Infection and Plasma Biomarkers
Finally, we examined the cross-sectional association of sHHV
diagnoses with plasma biomarkers of amyloid pathology (Aβ42/
40), reactive astrogliosis (GFAP), and neurodegeneration (NfL).
A total of 775 participants were included in this analysis
(Figure 1). Participant characteristics are provided in eTable 14
(links.lww.com/WNL/C255). The average time between the
date of documented sHHV diagnoses and biomarker assessment
was 10.7 years (median 10.2; IQR 2.0–15.0; min/max: 0.0/41.5).

No group differences were observed in the Aβ42/40 ratio or
NfL in independent sample t tests or in adjusted models
(Figure 4; eTables 15 and 16, links.lww.com/WNL/C255).
However, sHHV+ participants had elevated GFAP compared
with sHHV− participants (t772 = 2.64, p = 0.008; Figure 4B).

Figure 3 Estimated Changes in Attention, Executive Function, Verbal Memory, and Attention (as a Function of Age)
Composite Scores Associated With sHHV Diagnoses

Estimated scores from linear mixed-effects models were adjusted for age, sex, race, education, APOEe4, comorbidity index (i.e., obesity, hypertension,
diabetes, cancer, ischemic heart disease, chronic heart failure, chronic kidney disease, and chronic obstructive pulmonary disease), and 2-way interactions of
age, sex, race, education, APOEe4, and comorbidity index with time. βs and corresponding p values represent adjusted differences in estimated annual
composite score changes between groups (sHHV+/−). sHHV = symptomatic human herpes virus.
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A similar trend, albeit nonsignificant, was observed in adjusted
models (β = 0.178, SE = 0.093, p = 0.057; eTable 16). Fully
adjusted models are provided in eTable 17. When analyses
were restricted to cognitively normal individuals, sHHV was
again significantly associated with elevated GFAP (β = 0.220,
SE = 0.098, p = 0.026; eTable 18). There was no evidence for
effect modification by sex, APOEe4 status, or age, and the
results were consistent when analyses were restricted to VZV-
infected sHHV+ participants. Among sHHV+ participants,
exposure to antiviral treatment was not associated with plasma
biomarker levels (eTable 19).

Discussion
This study demonstrates that sHHV diagnosis is associated with
steeper volumetric declines in white matter, particularly in the
temporal lobe, while exposure to antiviral treatment among
sHHV+ participants is associated with slower declines in oc-
cipital whitematter volume, suggesting a protective effect. sHHV
was also associated with greater longitudinal reductions in at-
tention performance, despite sHHV+ participants showing ele-
vated cognitive performance at baseline. In addition, sHHV+
participants, particularly those who are cognitively normal,
maintain elevated plasma levels of GFAP, an indicator of reactive
astrogliosis. The current results provide novel insights regarding
the association of herpetic viruses with changes in brain structure
and cognition and highlight the potential contribution of sHHVs
to neurocognitive changes in older adults.

Our findings, which suggest sHHV is associated with white
matter volume loss, complement a recent study which reported
elevated whitemattermicrostructural alterations in participants
who were seropositive for HHV.11 Such deleterious effects on
white matter might otherwise be expected, provided that her-
petic infection and associated inflammation can compromise
white matter integrity in the CNS.15-17 Similarly, the current
findings of temporal lobe-specific reductions in white matter

volume might be expected, given the reported deleterious ef-
fects of HHVs on the temporal cortex.18-20 Among sHHV+
participants, exposure to antiviral treatment was associated with
slower declines in occipital white matter volume, an opposite
pattern than the association observed as a function of sHHV
diagnoses. We did not observe evidence of cross-sectional or
longitudinal alterations in gray matter, total brain, or AD sig-
nature region volumes as a function of sHHV. A cross-sectional
study of patients with AD has demonstrated a positive re-
lationship between HSV-1 serum titers and regional gray
matter volumes; however, the directionality of such results may
have been dependent on the type of immunoglobulin used to
assess herpetic titers.35,36

The association between sHHV and declines on measures of at-
tention is consistent with a number of retrospective observational
studies which show increased risk for dementia in HHV sero-
positive individuals.5-10 The sHHV-associated declines in attention
align with our findings of reduced white matter volume associated
with sHHV, given previous evidence of impaired attentional ca-
pacities and processing speeds among individuals with compro-
mised white matter.37-39 However, the current findings should be
considered in the context of several analyses that have found no
relationship between HHV seropositivity and dementia risk.12,13

The present results are also challenged by a recent Mendelian
randomization study that did not support a causal relationship
between HSV infection and general cognitive function.14 The as-
sociation of sHHVwith elevated cognitive performance at baseline
was surprising and may be a result of residual confounding, biases
in the study design, or perhaps protective effects of HHV-induced
immune activation.40-42 This latter interpretation is supported by
evidence of elevated HSV-1 titers in healthy controls and patients
with MCI compared with AD cases.35,43

This study also examined the link between sHHV and changes in
molecular neurobiology using a panel of validated, ultrasensitive
plasma biomarkers. We found that sHHV+ participants maintain
elevated plasma GFAP but did not differ from sHHV−

Figure 4 Plasma Biomarkers (Standardized Values) Associated With sHHV Diagnoses

Results derived from independent samples t tests. Aβ42/40 = amyloid-β42/40 ratio; GFAP = glial fibrillary acidic protein; NfL = neurofilament light; sHHV =
symptomatic human herpes virus.
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participants on measures of the Aβ42/40 ratio or NfL. Several
studies have previously reported no differences in plasma Aβ42/40
ratios linked herpetic infection.44,45 However, a prior in-
vestigation reported increased serum levels of NfL in VZV-
infected patients compared with healthy controls.46 Increased
GFAP in CSF has been associated with nonencephalitic sHHV
diagnoses.47,48 In this study, we show that increased plasma
GFAP is also associated with herpetic infections. Elevations in
this marker of reactive astrogliosis may be attributed to astrocyte-
mediated neuroinflammation precipitated by sHHV infection.
Measures of reactive astrogliosis have been implicated in the
initial stages of AD progression before the manifestation of other
pathologic hallmarks and clinical symptoms.49,50 The idea that
plasma GFAP is elevated in the asymptomatic phase of neuro-
degenerative processes49 is consistent with our observation of a
GFAP-sHHV relationship only in the subset of cognitively nor-
mal individuals. In the context of the present MRI and cognitive
analyses, the observed elevations in GFAP among sHHV+ par-
ticipants could indicate HHV-induced neuroinflammation me-
diated by astrocytes that contributes to white matter volume loss
and domain-specific cognitive decline. However, the absence of
an association between sHHV and Aβ42/40 ratio, AD signature
region volume, and verbal memory performance suggest sHHV
may not be related to AD-specific disease processes.

Our study had several limitations. First, information obtained
from medical history reports taken at study visits was used to
identify HHV diagnoses; therefore, inaccurate reporting or un-
diagnosed sHHV may have led to misclassifications, a bias that
would likely push results toward the null. Second, the absence of a
clear relationship between outcomes and AD-specific disease
processesmay be due to the limited observational timewindow of
this cohort or other idiosyncratic effects of the current analyses
(e.g., the imaging measures of atrophy used in this study may not
have been sensitive enough to detect gray matter changes com-
pared with other techniques, such as voxel-based morphometry).
Third, the BLSA recruitment procedures favor healthy adults who
have survived to old age. As such, study-specific inclusion criteria
may influence the generalizability of results. Replication of the
analyses in a population-based sample will strengthen the external
validity of current findings.42 Fourth, our study lacked compre-
hensive assessment of host immune processes. As the reactivation
of HHVs can be significantly influenced by the immune status of
the host, biological characteristics and genetic variants that confer
a host immune response that is permissive to HHV reactivation,
rather than sHHV per se, may be a primary contributor to the
adverse neurocognitive outcomes in this study. Finally, the current
results may be biased due to residual confounding from un-
measured variables jointly associatedwith sHHV and outcomes of
interest. Although analyses were adjusted for potential con-
founders, including demographic variables, APOEe4 status, and
medical comorbidities, it is possible that unmeasured variables,
subclinical disease, or features of the study designmay account for
some sHHV-outcome relationships.

Despite these limitations, this study indicates that sHHV among
a population of community-dwelling, older adults is associated

with steeper declines in white matter volume, particularly in the
temporal lobe, and in attention, a cognitive domain that is par-
ticularly vulnerable to disruptions in white matter integrity.
Furthermore, these results provide evidence for a link between
sHHV and GFAP, a marker of reactive astrogliosis. These
findings highlight the neurobiological correlates of herpetic in-
fection in older adults and suggest potential pathways by which
herpetic infection may influence dementia risk.
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