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Abstract Understanding HIV-1 replication and latency in
different reservoirs is an ongoing challenge in the care of
patients with HIV/AIDS. A mathematical model was cre-
ated to describe and predict the viral dynamics of HIV-1

and SIV infection within the brain during effective com-
bination antiretroviral therapy (cART). The mathematical
model was formulated based on the biology of lentiviral
infection of brain macrophages and used to describe the
dynamics of transmission and progression of lentiviral in-
fection in brain. Based on previous reports quantifying
total viral DNA levels in brain from HIV-1 and SIV in-
fections, estimates of integrated proviral DNA burden were
made, which were used to calibrate the mathematical mod-
el predicting viral accrual in brain macrophages from pri-
mary infection. The annual rate at which susceptible brain
macrophages become HIV-1 infected was estimated to be
2.90×10−7–4.87×10−6 per year for cART-treated HIV/AIDS
patients without comorbid neurological disorders. The
transmission rate for SIV infection among untreated ma-
caques was estimated to be 5.30×10−6–1.37×10−5 per year.
An improvement in cART effectiveness (1.6–48%) would
suppress HIV-1 infection in patients without neurological
disorders. Among patients with advanced disease, a sub-
stantial improvement in cART effectiveness (70%) would
eradicate HIV-1 provirus from the brain within 3–32 (in-
terquartile range 3–9) years in patients without neurologi-
cal disorders, whereas 4–51 (interquartile range 4–16)
years of efficacious cART would be required for HIV/
AIDS patients with comorbid neurological disorders.
HIV-1 and SIV provirus burdens in the brain increase over
time. A moderately efficacious antiretroviral therapy regi-
men could eradicate HIV-1 infection in the brain that was
dependent on brain macrophage lifespan and the presence
of neurological comorbidity.
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Introduction

Immunodeficiency-associated lentiviruses, human immuno-
deficiency virus-1 (HIV-1) and simian immunodeficiency vi-
rus (SIV), can be detected in brain tissue within weeks after
primary infection (Davis et al. 1992; Witwer et al. 2009).
Evidence shows HIV-1 and SIV can enter the brain through
trafficking infected macrophages (Patrick et al. 2002;
González-Scarano and Martin-Garcia 2005; Campbell et al.
2014). Three cell types in the brain are known to be permis-
sive to primate lentivirus infections: astrocytes, perivascular
macrophages, and microglia. Brain macrophages, including
microglia and perivascular macrophages, display productive
HIV-1 and SIV infections (Nowak and May 2000; Kirschner
and Perelson 1995). In contrast, infected astrocytes contain
viral genome but do not typically display features of active
viral replication in vivo. The brain is devoid of in situ adaptive
immune responses, and the blood-brain barrier (BBB) restricts
antiretroviral agents from entering the brain (Annamalai et al.
2010). Thus, the brain is a natural anatomical reservoir for
HIV-1 and SIV infections (Annamalai et al. 2010; Zink et al.
2010).

Both HIV-1 and SIV infections can lead to neurolog-
ical disorders including HIV-associated neurocognitive
disorders (HANDs), which occur in a subset of patients
despite effective viral suppression in blood accompanied
by restoration of CD4+ T cell levels (Vivithanaporn
et al. 2010). HIV-infected patients with HANDs may
have lower survival rates compared with HIV-infected
patients without neurological disorders (Vivithanaporn
et al. 2010).

Although there is an increased appreciation and under-
standing of clinical aspects of HIV-1 brain infection, the
underlying dynamics of viral replication and latency in the
brain remain unclear. Cross-sectional autopsy studies of
autopsied brain tissues revealed highly variable HIV-1
RNA levels in brain, but the impact of cART on brain viral
burden remains uncertain, largely because of the relative
inaccessibility of prospectively analyzed brain tissues.
While mathematical modeling has been extensively used
to study the dynamics of transmission and progression of
HIV-1 infection of T cells in blood, few modeling studies
are specific for HIV-1 or SIV brain infection (Lamers et al.
2014).

Our mathematical modeling study aimed to quantify
lentiviral replication dynamics in the brain, especially among
patients receiving cART.We collected and analyzed published
data on HIV-1 and SIV brain infection from several studies. In
a 2013 study, HIV-infected patient brain specimens from the
National NeuroAIDS Tissue Consortium (NNTC)were exam-
ined for patients with advanced disease, approximately 5–
15 years from primary infection (Gelman et al. 2013).
Published data from three SIV studies examining macaque

brain tissues without cART (Zink et al. 2010; Clements et al.
2002; Graham et al. 2011) were also included in our study. A
mathematical model was formulated to describe HIV-1 and
SIV infection dynamics in brain macrophages. The model
was calibrated and validated using published brain data.
The model showed HIV-1 and SIV infection in the brain
progress slowly, due in large part to the long lifespan of
infected brain macrophages. Indeed, the protracted turn-
over of infected brain macrophages might be an important
hindrance in viral eradication (González-Scarano and
Martin-Garcia 2005). Provided cART suppresses HIV-1 in-
fection outside of the brain coupled with slow progression
of HIV-1 infection in brain, moderately efficacious cART
regimens could eradicate HIV-1 infection in the brain over
the years.

Methods

Data

When using autopsy data for brain tissue from human cohorts,
there is minimal knowledge regarding duration of infection for
each patient. It is widely accepted that approximately 5–
15 years from primary infection, a patient in the developed
world will develop AIDS if untreated. From published studies
of HIV-1 infection of the brain, we were able to ascertain data
corresponding to 15 days after primary infection (Davis et al.
1992) and 5–15 years from primary infection (Gelman et al.
2013).

Brain tissue-derived data provided a large dataset from
HIV/AIDS patients with advanced disease (~5–15 years from
primary infection (Gelman et al. 2013)) including data from
patients (n = 35) without neurological disease as determined
by the NNTC neuropsychological test battery (Gelman et al.
2013); 73% of these patients were active on cART within
1 year of death. Brain-derived HIV-1 DNA data were also
available from patients with HAND and/or encephalitis
(n = 22); 62% were receiving cART within 1 year of death
(Gelman et al. 2013).

Data used to estimate HIV-1 infected brain macrophages at
primary infection for patients with and without neurological
disorders came from two sources: a patient study showing
positive brain HIV-1 DNA detection 15 days after primary
infection (Davis et al. 1992), and the minimum of the brain-
derived HIV-1 DNA data at ~5–15 years from primary infec-
tion was used as an upper bound for the estimate of the HIV-1-
infected brain macrophages at primary infection (Gelman
et al. 2013).

As each SIV study included brain-derived data correspond-
ing to several time points, the three SIV studies were com-
bined (30 macaques in total) to create a single longer time
series of untreated SIV-infected brain tissue data (10, 21, 56,
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and 84 days post-infection) (Zink et al. 2010; Clements et al.
2002; Graham et al. 2011). Data used for quantifying SIV-
infected brain macrophages came from the brain viral DNA
of this dataset. It was imperative to combine SIV studies
where the macaques were the same species and each received
the same strain and route of SIV infection. These three SIV
studies used the same species of pigtailed macaques and were
infected with the same viruses and input titers (SIV/
DeltaB670/SIV/17E-Fr) (Zink et al. 2010; Clements et al.
2002; Graham et al. 2011).

Assumptions and associated data conversion

The human brain contains an estimated 171 ± 13.86 bil-
lion cells and approximately 84.6 ± 9.83 billion glial cells
(Azevedo et al. 2009). A comprehensive study of the cel-
lular composition of the gray matter of the human cerebral
cortex indicated that microglia amount to only 5% of glial
cells in gray matter (Herculano-Houzel 2014). From these
analyses, the estimated number of microglia in the human
brain is 3.74–4.72 billion cells. The average weight of a

human brain is 1336 g for men and 1198 g for women
(Hartmann et al. 1994). The projected number of microg-
lia per gram of brain tissue is 2.07–3.94 million cells per
gram. For the present study, the number of susceptible
brain macrophages was assumed to equal the total number
of microglia. Each HIV- or SIV-infected brain macro-
phage was assumed to contain a single copy of integrated
viral DNA. Per gram of brain tissue, macaques have ap-
proximately the same number of susceptible brain macro-
phages as humans (Azevedo et al. 2009).

The HIV-1 and SIV studies measuring viral DNA in
brain tissues used different units for measuring viral
DNA. Since each HIV- or SIV-infected brain macrophage
is assumed to contain a single copy of integrated viral
DNA, by converting total viral DNA to integrated viral
DNA (Appendix), we obtained the number of infected
brain macrophages per gram of brain tissue. The conver-
sion of HIV-1 and SIV DNA to the estimated mean num-
ber of infected brain macrophages per gram of brain tissue
is displayed in Table 1 (Table 4 in the Appendix contains
a full list of the converted data).

Table 1 Conversion of HIV-1
and SIV DNA to the estimated
mean number of infected brain
macrophages per gram of brain
tissue at different times from
primary infection

Virus Neurological
disorders

Estimated
years
infected

Mean viral
DNA
copies (g)

Estimated mean
integrated viral
DNA copies (g)

Estimated mean
infected brain
macrophages (g)

Ref

HIV-1 – 0.04 9–172a 0.1–2a 0.1-2a Davis
et al.
(1992)

HIV-1 No 5–15 1.95 × 103 23 23 Gelman
et al.
(2013)

HIV-1 Yes 5–15 9.88 × 104 1149 1149 Gelman
et al.
(2013)

SIV – 0.027 1.41 × 103 16 16 Clements
et al.
(2002)

SIV – 0.058 1.24 × 103 14 14b Clements
et al.
(2002)

SIV – 0.058 6.22 × 103 72 72b Graham
et al.
(2011)

SIV 17% with
encephalitis

0.153 1.90 × 103 22 22 Clements
et al.
(2002)

SIV 83% with
encephalitis

0.230 7.55 × 103 88 88 Zink et al.
(2010)

a This study detected proviral DNA in the brain by PCR. The number of viral DNA copies was not reported. It is
assumed that the level of positive detection was approximately 100 copies viral DNA per gram. The range of 9–
172 copies viral DNA per gram was chosen as the data from this study
b The six observations from each of these studies were combined and averaged giving 43 as the mean infected
brain macrophages per gram at 0.058 years infected
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Mathematical model

A deterministic model using differential equations was formu-
lated to quantify HIV-1 and SIV infection dynamics of brain
macrophages. The brain macrophage population is divided
into two compartments: susceptible brain macrophages, x,
and infected brain macrophages, y. The infected brain macro-
phage population includes productively and latently infected
brain macrophages. Given the limited data, it was necessary to
combine productively and latently infected brain macro-
phages into a single compartment. HIV-1 and SIV infections
of brain macrophages are assumed to spread principally
through direct cell-to-cell interaction (González-Scarano and
Martin-Garcia 2005; Lindl et al. 2010). Susceptible and infect-
ed brain macrophages are assumed to have homogeneous
mixing. Although the brain macrophage population differs
in morphology and perhaps cell density depending on the
anatomic region, for the present studies, it was assumed to
be uniform throughout the brain. We followed an established
method of modeling direct transmission between two popula-
tions by using the rate βxy as the number of new infections per
unit time, where β is the transmission coefficient (Nowak and
May 2000; Kirschner and Perelson 1995). Without the pres-
ence of infection in the model, the number of susceptible brain
macrophages is regulated at the equilibrium value λ/d, where
λ is the source of new susceptible brain macrophages and d is
the natural death rate for brain macrophages. Recent data sug-
gest that microglia and macrophages die over months to years
(Askew et al. 2017). Susceptible and infected brain macro-
phages were presumed to have the same death rate d because
our group’s earlier studies did not observe increased cellular
death in HIV-infected versus uninfected brain macrophages
(Walsh et al. 2014). In the HIV-1 dataset from the NNTC
cohort, most patients were receiving cART within a year of
death. We considered the percentage of cART effectiveness
ε × 100%, where 0 ≤ ε ≤ 1. The parameter ε is set to zero
when there is no treatment.

The model is described by the set of ordinary differential
equations:

dx
dt

¼ λ−dx− 1−εð Þβxy ¼ λ−dx−βεxy ð1Þ
dy
dt

¼ 1−εð Þβxy−dy ¼ βεxy−dy ð2Þ

where βε = (1 − ε)β is the effective transmission coefficient
under cART with effectiveness ε. A more efficacious cART
will result in a smaller βε and a lower rate of viral transmis-
sion. The variables in the model are the numbers of uninfected
(x) and infected (y) brain macrophages. Model parameters λ,
d, β, and ε are non-negative constants. Time units in this
model are in years. Population units are the number of cells
per gram of brain tissue.

This dynamic model is the mathematical translation of the
current biology and biologically plausible assumptions of the
lentiviral infection process in brain. It has incorporated the
important causal factors and relations to quantify the infection
outcomes. Effectiveness of the cART on viral transmission is
incorporated in the effective transmission coefficient βε.

Given the initial condition of the number of infected brain
macrophages at the time of infection, the model produces a
temporal pattern of infected brain macrophage burden, en-
abling it to predict the infection outcomes. This is an important
difference between a dynamic model and statistical inference
models.

Compared to mathematical models for HIV-1 infection in
the plasma (Nowak and May 2000; Kirschner and Perelson
1995), our model has a different transmission term. In blood
leukocytes, infections occur by viral entry of host cell. In the
brain, infections are assumed to occur largely by direct cell-to-
cell contact (González-Scarano and Martin-Garcia 2005; Zink
et al. 2010). For the same reason, unlike blood-based models
for HIV-1 infection, our model does not include a compart-
ment for free virus. Models with direct cell-to-cell transmis-
sion are also used to describe the viral dynamics of HTLV-1
infection of CD4 Tcells (Nowak andMay 2000; Wodarz et al.
1999; Gómez-Acevedo et al. 2010) whose lifespan is much
shorter than brain macrophages. Mathematical models of
HIV-1 infection of long-lived cells like macrophages
were studied in Nowak and May (2000) using virus-
cell interaction as the mode of transmission.

Parameter estimation and model calibration

Uniform prior distributions were specified for the parameters x0,
y0, βε, and d to account for variation in estimates from the
literature. The prior distribution for x0 is estimated from the
projected number of microglia per gram of brain tissue, 2.07–
3.94 million cells per gram (Azevedo et al. 2009; Herculano-
Houzel 2014; Hartmann et al. 1994). The minimum integrated
proviral DNA burden was used as an upper bound for the prior
distribution of y0 (Zink et al. 2010; Gelman et al. 2013;
Clements et al. 2002; Graham et al. 2011). The prior distribution
for the transmission coefficient was given a broad range based
off of general mathematical models in virology (Nowak and
May 2000). The prior distribution for brain macrophage death
rate dwas estimated from the cellular lifespan between 1 month
and 2 years (Kirschner and Perelson 1995; Askew et al. 2017).
The uniform prior distributions are summarized in Table 2. The
equilibrium population λ/d of susceptible brain macrophages
was fitted to the per-gram amount of the brain macrophages to
obtain estimation of influx λ of susceptible brain macrophages.

The parameters x0, y0, βε, and d were estimated by fitting
the model predictions to the estimated per-gram numbers of
infected brain macrophages at the time points in Table 4
(Appendix). Three datasets in Table 4, excluding outliers,
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were used to produce three sets of estimated parameter values
in Table 3, for three study cohorts: cART-treated HIV-1-
infected patients without neurological disorders, cART-
treated HIV-1-infected patients with neurological disorders,

and untreated SIV infected macaques. Since there is minimal
knowledge regarding duration of infection for each patient,
the model was fit to the cART-treated HIV-1 patient data at
5, 10, and 15 years from primary infection (estimated

Table 2 Uniform prior distributions for parameters estimated from literature for both humans and macaques

Datasets Symbol Parameter Prior distribution Unit Ref

HIV-1 without neurological
disorders

x0 Initial value for x U(2.07 × 106, 3.94 × 106) per g Azevedo et al. (2009); Herculano-Houzel
(2014); Hartmann et al. (1994)

y0 Initial value for y U(0, 2) per g Gelman et al. (2013)

βε
Transmission coefficient U(1 × 10−8, 1 × 10−5) per year Nowak and May (2000)

d Death rate brain macrophages U(0.5, 10.22) per year Kirschner and Perelson (1995)

HIV-1 with neurological
disorders

x0 Initial value for x U(2.07 × 106, 3.94 × 106) per g Azevedo et al. (2009); Herculano-Houzel
(2014); Hartmann et al. (1994)

y0 Initial value for y U(0, 9.5) per g Gelman et al. (2013)

βε
Transmission coefficient U(1 × 10−8, 1 × 10−5) per year Nowak and May (2000)

d Death rate brain macrophages U(0.5, 10.22) per year Kirschner and Perelson (1995)

SIV x0 Initial value for x U(2.07 × 106, 3.94 × 106) per g Azevedo et al. (2009); Herculano-Houzel
(2014); Hartmann et al. (1994)

y0 Initial value for y U(0, 2) per g Zink et al. (2010); Clements et al. (2002);
Graham et al. (2011)

β0 Transmission coefficient U(1 × 10−8, 1 × 10−4) per year Nowak and May (2000)

d Death rate brain macrophages U(0.5, 10.22) per year Kirschner and Perelson (1995)

Table 3 Fitted parameter
estimates and 95% credible
intervals for the model fit to three
datasets

Datasets Symbol Parameter Estimate

(95% credible interval)

Unit

HIV-1 without neurological disorders
(fit at 5, 10, 15 years)

x0 Initial value for x 2.33 × 106

2.07 × 106–3.94 × 106
per gm

y0 Initial value for y 0.136

0.0246–2.00

per gm

βε
Transmission

coefficient
2.23 × 10−6

2.90 × 10−7-4.87 × 10−6
per year

d Death rate brain
macrophages

4.72

0.542–10.2

per year

HIV-1 with neurological disorders (fit
at 5, 10, 15 years)

x0 Initial value for x 2.39 × 106

2.07 × 106–3.94 × 106
per gm

y0 Initial value for y 9.05

0.0416–9.50

per gm

βε
Transmission

coefficient
3.17 × 10−6

2.76 × 10−7-5.60 × 10−6
per year

d Death rate brain
macrophages

6.88

0.501–10.2

per year

SIV x0 Initial value for x 2.28 × 106

2.09 × 106–3.94 × 106
per gm

y0 Initial value for y 1.99

1.76–2.00

per gm

β0 Transmission
coefficient

1.03 × 10−5

5.30 × 10−6-1.37 × 10−5
per year

d Death rate brain
macrophages

3.30

0.743–9.98

per year
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parameter values including the outliers are presented in
Table 5 in the Appendix).

The method of Bayesian inference was implemented for the
model fitting and is described in the Appendix. Posterior distri-
butions from Bayesian inference were used to produce the
mean value and 95% credible intervals of the fitted parameters.

Sensitivity and uncertainty analysis

The 95% credible intervals of the fitted parameters obtained
from Bayesian inference, using Markov Chain Monte Carlo
(MCMC) sampling, were used to measure sensitivity of model
outcomes with respect to variations in these four parameters. To
demonstrate uncertainty in our predictions with respect to var-
iations of parameter values, the Latin Haypercube Sampling
(LHS) method was used to sample values of sensitive parame-
ters within their credible intervals, and sampled parameter
values were used to produce the dark gray bands in Figs. 1, 2,
and 3. The 95% prediction intervals from theMCMC sampling
are shown in Fig. 1 with the dashed light gray curves.

Results

The fitted parameter estimates for x0, y0, βε and d, together
with their 95% credible intervals, are shown in Table 3. For

the cART-treated HIV-1 patient data, the 95% credible inter-
vals for the fitted parameter estimates include the variation
from the model fit to 5, 10, and 15 years from primary infec-
tion (the best fit parameter estimates correspond to 10 years
from primary infection).
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Fig. 1 Infected brain macrophage burden. cART-treated HIV-infected
patients without neurological disorders fit at a 5 years and b 15 years
from primary infection. cART-treated HIV-infected patients with
neurological disorders fit at c 5 years and d 15 years from primary

infection. The black points are the observed data, the black curve is the
meanmodel solution, the dark gray region is the 95% credible interval for
the model solutions, and the dashed light gray curves indicate the 95%
prediction interval
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Fig. 2 Infected brain macrophage burden for SIV-infected (untreated)
macaques. The black points are the observed data, the black curve is
the mean model solution, the dark gray region is the 95% credible
interval for the model solutions, and the dashed light gray curves
indicate the 95% prediction interval
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HIV-1 infection of brain macrophages progresses slowly

The HIV-1 infected brain macrophage burden for patients
without neurological disorders is displayed in Fig. 1a for
5 years and Fig. 1b for 15 years post-infection. The HIV-1
infected brain macrophage burden for patients with neurolog-
ical disorders is displayed in Fig. 1c for 5 years and Fig. 1d for
15 years post-infection. SIV-infected brain macrophage bur-
den for untreated macaques is shown in Fig. 2.

The estimated values of the transmission coefficient βε in
Table 3 were used to compare the viral transmission rates in
brain for cART-treated HIV-infected patients with and with-
out neurological disorders. The 95% credible interval for
HIV-1 transmission rate overlaps for cART-treated HIV-in-
fected patients with and without neurological disorders. The
upper bound of the HIV-1 transmission rate was 19.3 times
higher for cART-treated HIV-infected patients with neuro-
logical disorders compared to those without neurological
disorders. When compared to the transmission coefficient
for HIV-1 infection in the plasma in the literature (Althaus
et al. 2014), we found that the HIV-1 transmission rate
among CD4+ T cells was 2.0–3.3log10 fold higher than
HIV-1 infection among brain macrophages. These findings
suggest the progression of HIV-1 infection in the brain was
slower in comparison to HIV-1 infection in the plasma
(Althaus et al. 2014). The transmission rate for SIV infection
among untreated macaques was estimated to be
5.30 × 10−6–1.37 × 10−5 per year.

Combination antiretroviral therapy

The control reproduction number, Rε:

Rε ¼ 1−εð Þ βλ
d2

¼ βελ

d2
ð3Þ

where βε = (1 − ε)β. The parameter ε represents cART
effectiveness. The parameter ε is set to zero when there
is no treatment. In a fully susceptible brain macrophage
population, the average number of newly infected brain
macrophages caused by a single infected brain macro-
phage during its infectious lifetime is given by the basic
reproduction number, R0.

The R0 estimated value for untreated SIV-infected ma-
caques was determined to be 2.91–27.0. In the literature, the
R0 value for untreated SIV-infected macaques in the plasma
has a range of 2–68 (Nowak et al. 1997). For the infection to
decline in the brain for untreated SIV-infected macaques, it is
necessary to have ε > 0. To inhibit replication in the brain for
untreated SIV-infected macaques, the minimum cART effec-
t i v e n e s s wa s e s t im a t e d t o b e 6 5 . 6 1 –96 . 3 0%
(0.6561 ≤ ε ≤ 0.9630).

The baseline effectiveness ε of the current cART for HIV-1
infection in brain is not known, neither was the basic repro-
duction number R0 for the untreated patients. We used the
estimated value of the effective transmission coefficient Rε

as a substitute for baseline effectiveness and used Rε=Rε for
comparison of efficacies ε and ε.
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Fig. 3 HIV-1 infected brain
macrophage burden with cART.
Assuming a 70% improved
efficiency in cART from the
baseline. Late-presenting patients
without neurological disorders fit
at a 5 years and 15 years (b), and
late-presenting patients with
neurological disorders fit at c
5 years and 15 years (d) will show
differing durations to the time of
eradication. Curves lying in the
dark gray region represent the
95% credible interval for the
model solutions
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The estimated 95% credible interval for Rε was 1.02–1.91
with interquartile range of 1.03–1.21 for cART-treated pa-
tients without neurological disorders. The estimated 95%
credible interval for Rε was 1.05–3.15with interquartile range
of 1.07–1.56 for cART-treated patients with neurological dis-
orders. In comparison, the R0 value for untreated HIV-1 infec-
tion in the plasma has median 8.0 and interquartile range 4.9–
11 (Ribeiro et al. 2010). In the literature, a cARTeffectiveness
of 0.85 would suppress the viral load in the plasma to unde-
tectable levels after a few months (Rong and Perelson 2009).
Using a cART effectiveness of 0.85 and the R0 value for un-
treated HIV-1 infection in the plasma with range 4.9–11
(Ribeiro et al. 2010), the value of R0.85 for treated HIV-1
infection in the plasma would be in the interquartile range of
0.74–1.65. The estimated interquartile range of Rε in the brain
for cART-treated patients was 1.03–1.56 and lies in the inter-
quartile range of R0:85 for infection in the plasma.

For the infection to decline in the brain of cART-treated
patients, it is necessary to have ε>ε. To inhibit replication in
the brain (Rε < 1), the minimum improvement in cART effec-
tiveness from the baseline was estimated to be 1.652–47.70%
for patients without neurological disorders, and 4.807–
68.24% for patients with neurological disorders.

Provided cART suppresses HIV-1 infection outside the
brain, and with a 70% improvement in cART efficiency in
the brain, it would require 3–32 years (interquartile range 3–
9) to reduce the number of infected brain macrophages to
approximately 0.001 cells per gram for a late diagnosed pa-
tient without neurological disorders (Fig. 3a for model fit to
5 years and Fig. 3b 15 years post-infection), and it would
require 4–51 years (interquartile range 4–16) for the same
reduction for a late diagnosed patient with neurological disor-
ders (Fig. 3c for model fit to 5 years and Fig. 3d 15 years post-
infection).

Discussion

To our knowledge, this is the first mathematical modeling
study to quantify HIV-1 and SIV infection dynamics in the
brain. Our modeling study indicates that HIV-1 and SIV pro-
virus burdens in brain increase slowly over time. Assuming
antiretroviral therapy suppresses HIV-1 infection outside the
brain, an efficacious antiretroviral therapy could eradicate
HIV-1 infection in the brain, albeit over a decade for patients
without neurological complications and over two decades for
those with HAND.

We focused on brain viral DNA as a marker of infected
cells in contrast to brain viral RNA. Brain viral RNA levels
varied widely over time (Zink et al. 2010; Gelman et al. 2013;
Clements et al. 2002; Graham et al. 2011). Brain viral DNA
levels displayed less variability and were determined to be a
stable indicator of infection. We relied on data from a study

examining human brain specimens from the NNTC; these
data provided findings from patients with advanced disease
(Gelman et al. 2013). This latter study reported that brain viral
RNA was higher in patients with neurological disorders,
HAND and HIVE, than in patients without neurological dis-
orders and that brain viral RNA and DNA levels were corre-
lated with worse neuropsychological performance (Gelman
et al. 2013). We used two sources to gain insight into the state
of brain infection during primary infection: we used the study
of a single HIV-infected patient, who was infected 15 days
after iatrogenic HIV-1 infection and HIV-1 was detected in
the brain (Davis et al. 1992), and the minimum of the brain-
derived HIV-1 DNA data at ~5–15 years from primary infec-
tion was used as an upper bound for the estimate of the HIV-1
infected brain macrophages at primary infection (Gelman
et al. 2013). Additionally, our predictions of SIV brain viral
burden at the time of initial/primary infection are congruent
with the number used herein for humans. A study not included
in our research was a paper examining the brain viral DNA
and brain viral RNA of 15 patients (Johnson et al. 1996). In
this study, there was no significant difference in brain viral
DNA between patients with and without neurological disor-
ders (Johnson et al. 1996). This result is later contradicted by a
study examining a larger sample size of 195 patients (Gelman
et al. 2013).

In blood-derived lymphocytes, the average ratio of inte-
grated proviral DNA to total viral DNA is 1:86 (Suspène
and Meyerhans 2012). We used this ratio as an estimate for
the average ratio of integrated proviral DNA to total viral
DNA in brain macrophages. An earlier study found the ratio
of integrated proviral DNA to total viral DNA in brain tissues
from HIV-1 encephalitis cases ranged from 1:6 to 1:81 (Pang
et al. 1990). The average ratio in blood and the ratio in brain
tissues from HIV-1 encephalitis patients are the same order of
magnitude. In the present study, changing this ratio of inte-
grated proviral DNA to total viral DNAwould affect the esti-
mated mean integrated viral DNA copies per gram of brain
tissue used to fit the mathematical model. In the extreme
case of 1:6 being the ratio of integrated proviral DNA
to total viral DNA, there was an estimated 8–12% dif-
ference between the new transmission coefficient and
the transmission coefficient estimated under the ratio
assumption of 1:86.

Brain tissue measurements from an HIV-1 infected patient
are very rarely available before death. Two major limitations
in using autopsy data for brain tissue from human cohorts are
minimal knowledge regarding durations of infection and anti-
retroviral therapy for each patient. An estimate for the duration
of infection for each patient in the autopsy data assumes each
patient has AIDS and died at least 10 years after primary
infection whether or not a patient is active on antiretroviral
therapy within 1 year of death. An issue not addressed herein
is viral burden in cerebrospinal fluid (CSF); many studies
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have reported onHIV-1 RNA levels in CSF, albeit usually free
virus particles (Nightingale et al. 2014). CSF as an indicator of
viral dynamics within brain has substantial challenges because
the relative paucity of cells in CSF compounded by the pre-
dominance of lymphocytes in CSF, presumably derived from
blood, making it a questionable surrogate indicator of brain
virus-related events. However, it would be valuable to have a
better understanding of brain-CSF correlations in viral repli-
cation and latency in the future management of patients re-
ceiving cART.

The obstacles in obtaining accurate estimates for the durations
of infection and antiretroviral therapy for individual patients ne-
cessitates the use of SIV studies where the durations of infection
and antiretroviral therapy are known for each macaque. Our SIV
data comes from the same animal model (Zink et al. 2010;
Clements et al. 2002; Graham et al. 2011). Thus, the present
SIV results may be specific to this animal model. We used pub-
lished experimental data from three SIV studies that examined
macaque brains at different times post-infection (p.i.) (Zink et al.
2010; Clements et al. 2002; Graham et al. 2011). One SIV study
found that brain viral DNA levels remained at constant levels
from the acute phase through the asymptomatic period
(Clements et al. 2002). A further SIV study demonstrated that
cARTwas capable of reducing brain viral RNA to undetectable
levels but had little impact on brain viral DNA levels after acute
infection (Zink et al. 2010). The last included SIV study reported
that cART greatly reduced viral RNA levels but exerted little
effect on viral DNA levels at 21 days p.i. (Graham et al. 2011).
The current mathematical investigations indicated that the math-
ematical model adequately fits the experimental in vivo SIV
data. This modeling strategy could be applied to SIV datasets
from other animal models, yielding insights into the viral pro-
gression rate in brain macrophages from primary infection.

A 0.85 cARTeffectiveness would suppress the viral load in
the plasma to undetectable levels after a few months (Rong
and Perelson 2009). If cARTeffectiveness was 0.85 within the
brain (ε = 0.85), the R0 value in the brain for untreated pa-
tients would be in the interquartile range 6.87–10.4, similar to
the R0 interquartile range for untreated HIV-1 infection in the
plasma 4.9–11. Yet, the blood-brain barrier restricts some an-
tiretroviral agents from entering the brain (Annamalai et al.
2010) and a 0.85 cART effectiveness in the brain would most
likely be too high an effectiveness. If cART effectiveness was
less than 0.85 (ε < 0.85), the small value of Rε in the brain for
cART-treated patients 1.03–1.56 might be due to a slower
progression of HIV-1 infection in the brain in comparison to
HIV-1 infection in the plasma.

Because of the limited data available for HIV-1 and SIV
brain infection, it was necessary to use a simple mathematical
model that restricted the number of model parameters needed to
fit the empiric data. Although microglia and trafficking macro-
phages might behave differently, these cell populations were
treated as the single cell population of brain macrophages.

Although astrocytes constitute a large proportion of cells in
the human brain, astrocytes were not considered in this study
because astrocytes have a limited infection and produce little or
no virus (Gray et al. 2014). Also, previous data suggest that
antiretroviral therapy effectively suppresses viral production in
astrocytes (Gray et al. 2013). Notwithstanding the restricted
infection of astrocytes, their infection does lead to cellular dys-
function and contributes to neurological disorders (Gray et al.
2014). Our model considers microglia and trafficking macro-
phages capable of full replication. A model incorporating astro-
cytes would be beneficial in future modeling studies. Different
anatomical areas within the brain contain variable levels of
HIV-1- and SIV-infected cells during disease progression
(Kure et al. 1990). In this model, it is assumed that the infected
brain macrophage population is distributed homogeneously
across the entire brain; moreover, an infected brain macrophage
might be productively or latently infected. The model does not
make this distinction for infected brain macrophages. Viral re-
bound, non-compliance to cART, brain penetration of cART,
and type of cART used are important considerations; given the
available data, these issues were not included in the model. We
elected not to study CSF viral load or cell-free virus in this
analysis because we focused on brain viral tissue dynamics
during infection in this study. Despite these simplifications,
our model provides an estimate of the HIV-infected brain mac-
rophage burden from primary infection and the necessary im-
provements in current cART regimens needed to curtail and
eventually eliminate HIV-1 infection from the brain.

Future studies are warranted to model both productively
and latently infected brain macrophages using the viral DNA
and viral RNA data. This approach would allow a more accu-
rate estimation of cARTeffectiveness. The application of HIV-
infected humanized mice with and without cART might facil-
itate this effort (Araínga et al. 2016). Creating a model to
quantify viral infection in specific areas of the brain over time
would also be informative, as it would permit determination of
which regions of the brain display the largest viral burden over
the course of infection and how cART might be optimized to
ensure rapid eradication of virus from the brain.
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