Structural brain alterations can be detected

early in HIV infection
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requests to Dr. Ragin: Results: Reductions were quantified in total (p = 0.0547) and cortical (p = 0.0109) gray matter in the

son-agin@nohwestem.edu HIV group. Analysis of individual brain regions with a separate image analysis algorithm revealed
consistent findings of reductions in cerebral cortex (p = 0.042) and expansion of third ventricle
(0 = 0.046). The early HIV group also demonstrated weaker performance on several neuropsycho-
logical tests, with the most pronounced difference in psychomotor speed (p = 0.001).

Conclusions: This cross-sectional brain volumetric study indicates structural alterations early in
HIV infection. The findings challenge the prevailing assumption that the brain is spared in this
period. Revisiting the question of the brain's vulnerability to processes unfolding in the initial
virus-host interaction and the early natural history may yield new insights into neurologic injury
in HIV infection and inform neuroprotection strategies. Neurology® 2012;79:2328-2334

GLOSSARY
ARV = antiretroviral; MP-RAGE = magnetization prepared rapid acquisition gradient echo.

HIV is widely disseminated throughout the body soon after transmission. Virus is detected first
in lymph nodes and then in plasma within 5 days." Although it has been established that viral
invasion of the brain occurs early in infection,* possible changes during this period are not well
characterized. Brain atrophy, white matter alterations, and injury to subcortical regions, such as
basal ganglia, have been shown later in the course of infection.”” Symptoms of brain involve-
ment, such as cognitive deterioration, have been associated with increased risk of death®?;
however, the onset of neurologic injury has not been determined. A clearer understanding of
the natural history of brain injury, particularly in the earliest stages, is therefore critical.

The Chicago Early HIV Infection Study was established to evaluate the presence and extent
of brain injury using quantitative MRI. This report presents findings of a brain volumetric study
designed to explore whether structural brain alterations can be detected early in the natural his-
tory of infection. Measurements were calculated for total brain, ventricular volume, and for tis-
sue classes, including total gray matter, cortical gray matter, brain white matter, and CSF using

Supplemental data at SIENAX, an automated image analysis tool.'"” To examine localized changes, measurements
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were derived for individual brain regions and
landmarks using a separate algorithm, Freesur-
fer."" Cognitive function was assessed by neu-
ropsychological evaluation.

METHODS Standard protocol approvals, registrations,
and patient consents. The Northwestern University Institutional

[ Table 1 Baseline characteristics of the Chicago Early HIV Infection cohort ]

Age (mean years += SD)

Gender (% male)

Race (% white)

Education (% college)

NART-R score

Substance use (past month)

Alcohol (=5 drinks)

Marijuana
Cocaine

Amphetamines

Glue or solvent sniffing

Heroin

Other

Clinical characteristics of the HIV

participants

CD4 cell count, cells/pL

Mean = SD

Range

Plasma HIV RNA copies/mL (logs0)

Mean = SD

ARV naive (n = 23)

Initiated on ARV (n = 20)

Regimen

Efavirenz, emtricitabine,
tenofovir (Atripla)

Ritonavir, atazanavir,
emtricitabine/tenofovir

Ritonavir, atazanavir,
tenofovir, abacavir

Ritonavir, atazanavir,
abacavir/lamivudine

Ritonavir, darunavir,

raltegravir

Ritonavir, raltegravir,

darunavir

Raltegravir, emtricitabine/

tenofovir

Unknown?

Controls
HIV (nh = 43) (h=21) p Value
329 + 98 314 +88 0.62
88 76 0.28
63 76 0.24
76 90 0.31
106.74 = 10.2 111.264 = 8.6 0.09
25 8 0.24
iLE 2 0.07
& 0 0.55
1 0 0.66
0 0 -
0 0 -
2 0 0.54
550 + 254
162-1,282
317 +1.38
3.54 + 1.46
275 +1.18
11
3
1
1
1
1
1
1

Abbreviations: ARV = antiretroviral; NART-R = National Adult Reading Test-Revised; esti-

mated full-scale 1Q.

20ne subject initiated on ARV had poor adherence and could not remember the

regimen.

Review Board approved this investigation. All subjects provided

written informed consent.

Participants. Forty-three HIV (38 men, 5 women; mean age:
32.9 % 9.8 years) and 21 seronegative (16 men, 5 women; mean
age: 31.4 £ 8.8 years) subjects were enrolled between March
2008 and July 2010. Exclusion criteria included chronic neuro-
logic disorder, head injury, radiation/chemotherapy (prior
month), uncontrolled seizure disorder, experimental drugs or vac-
cination within the past 15 days, mental condition involving
inability to understand, chronic/active alcohol abuse, chronic/
active drug abuse, pregnancy, opportunistic infection, cancer,
medical condition (heart, liver, or kidney), or MRI contraindica-
tion. Demographic and clinical information is presented in table 1.
HIV subjects were enrolled based on referrals from Infectious
Disease and Sexually Transmitted Disease Clinics of Northwestern
Memorial Hospital or through self-referral. Subjects with self-re-
ported recent HIV infection were screened before study enroll-
ment for an available prior negative test result or clinical history
suggesting recent infection (e.g., symptoms consistent with acute
HIV after unprotected high-risk sexual behavior or newly diag-
nosed HIV in a sexual partner). All infected subjects reported
sexual transmission as the method of infection. Seronegative sub-
jects were recruited from the same Chicago urban areas. HIV and
seronegative groups did not differ in age, gender, racial composi-
tion, educational level (percentage of college), National Adult
Reading Test—Revised scores,' or alcohol or drug use (table 1).
IV drug use was not reported in either group. Blood samples were
collected from all subjects. Serostatus was determined by ELISA
and Western blot. An early infection assay was used to assess rel-
ative recency of infection (Blood Systems, San Francisco, CA).
Fifteen subjects were within 6 months of initial infection, including
9 within 2 months (i.e., nonreactive: 95% confidence interval:
47-75 days). The mean length of infection was estimated to be
approximately 1 year (mean: 367 days; 95% confidence interval:
258-495 days). Absolute CD4+ cell counts ranged from 162 to
1,282/mm? (mean: 550 £ 254.4/mm? median: 506/mm?); plasma
viral load (log;o) ranged from undetectable to 5.54 copies/mL
(mean: 3.17 £ 1.38 copies/mL; median: 3.30 copies/mL). Plasma
viral load was undetectable (<50 copies/mL) in 8 of the HIV sub-
jects. Twenty-three HIV subjects were antiretroviral (ARV) naive.
For the 20 who had initiated ARV treatment, CNS penetration-

effectiveness rank was determined based on revised 2010 scaling.'

Magnetic resonance imaging. Imaging data were acquired on
a single magnetic resonance scanner, a 3T MAGNETOM Tim
Trio (Siemens, Erlangen, Germany) with maximum gradient slew
rate, 200 mT/m/s, maximum gradient strength, 40 mT/m, using
a 12-channel receive-only headcoil. Sagittal whole-brain magneti-
zation prepared rapid acquisition gradient echo (MP-RAGE) im-
ages were acquired (repetition time/inversion time/echo time:
2300/900/2.91 milliseconds; flip angle: 9% field of view: 256
X 256 mm; slice thickness: 1 mm; resolution: 1 X 1 mm; slices:
176). SIENAX (Oxford University, Oxford, UK) was used to
calculate measurements for total brain and ventricular volume
and for specific tissue classes (total gray matter, cortical gray mat-
ter, total white matter, and total CSF; table 2),which were nor-
malized for individual differences in head size.'” SIENAX first
extracts a brain and skull image from the subject’s structural MP-
RAGE input image. The skull image is used to determine the
registration  scaling from subject space to standard space
(MNI125). This scaling is then used in the affine-registration
of the brain image to standard space. This process defines the
volumetric scaling factor then used to normalize the brain volume.

To avoid introducing error from blurring associated with registration,
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[ Table 2 Brain volumetric measurements®

HIV (n = 43) Controls (n = 21) t Test p Value ES
Overall brain volume 1,575,602 + 105,871 1,607,367 = 77,036.7 -1.22 0.23 0.33
Gray matter 893,076 + 67,866.9 925,978 + 54,840.7 -1.93 0.05° 0.51
Cortical gray matter 681,442 + 57,275.2 712,101 + 34,820.4 -2.25 0.01° 0.60
White matter 682,526 + 64,713.6 681,389 + 41,379.7 0.07 0.93 0.02
Ventricular volume 30,785 = 11,1284 28,301 * 8,992.4 0.89 0.38 0.24

Abbreviation: ES = effect size: mean difference/common SD.

2Volumes in mm3,
b Significant p values.

tissue segmentation is performed on the original (nonregistered)
MP-RAGE images and volumes are then scaled by the scaling factor
to derive the normalized measurements.

A separate algorithm, Freesurfer,'" was used to derive meas-
urements of individual regions and landmarks of the brain (table
e-1 on the Neurology® Web site at www.neurology.org), depicted
in figure e-1. To eliminate operator variability in manual editing,
a fully automated approach was used. Case-by-case visual inspec-
tion indicated consistent image quality across all scans; skull strip-
ping and segmentation results met quality assurance standards for
both cortical and subcortical segmentation. Measurements for
individual regions (table e-1) were divided by the intracranial
cavity volume derived in Freesurfer to adjust for individual differ-

ences in head size.

Cognitive assessment. A neuropsychological test battery that
has been used in HIV neurologic outcome studies' was used

to evaluate cognitive function.

Statistical analysis. The brain volumetric measurements,
which were the primary variables for analysis, were continuous
variables. Distributional assumptions were evaluated using the
Shapiro-Wilk test. Group comparisons were accomplished with
independent # tests or Wilcoxon signed rank test; x> or Fisher
exact test was used for categorical variables. Comparison of brain
volumetric measurements in HIV and control groups was con-
sidered a priori analysis and a significance level of 0.05 was used.
Secondary analyses involving multiple subgroups (e.g., HIV
naive, HIV receiving ARV treatment, and controls) were accom-
plished with analysis of variance or Kruskal-Wallis test, followed
by Tukey adjusted pairwise comparison. False discovery rate was
used to control the error rate for group comparisons of individual
neuropsychological tests. Pearson or Spearman correlation coef-
ficients were used to examine relationships between clinical meas-
ures and brain volumetric measurements that distinguished HIV
and control groups. The quantitative early infection assay was
used to estimate length of infection. Multivariable regression
was used to examine the influence of subject characteristics on
brain volumetric differences between the groups. Covariates of
interest, including age, education, race, gender, past month alco-
hol use, past month cocaine use, and past month amphetamine
use, were initially evaluated in univariate analyses for relationship
with each brain volumetric measurement that differed in HIV and
control groups. Covariates with p < 0.25 in the univariate analysis
were then included in a multivariable regression model using back-
ward elimination at a significance level of 0.05. A similar approach
was used separately in the HIV group to evaluate clinical variables
available only for this group (viral load [log transformed], CD4+
cell count, CD8, duration of infection, and ARV status [naive or

initiated]) in addition to subject characteristics, for association with
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brain volumetric measurements. All analyses were executed with

SAS 9.2 software (SAS Institute, Cary, NC).

RESULTS Brain volumetric measurements. Reductions
were identified in SIENAX measures for total gray mat-
ter (p = 0.0547) and cortical gray matter (p = 0.0109)
in the HIV group (table 2). Total brain, total white
matter, and ventricular volumes did not differ. Freesurfer
measurements for individual brain regions were then
compared (table e-1). The third ventricle was enlarged
(p = 0.036) in the HIV group. Freesurfer measurements
for cerebral cortex were reduced (p = 0.040), with lower
values for both hemispheres compared with controls
(mean = SD: left 0.1581 = 0.01 vs 0.1652 = 0.01,
p = 0.021; right 0.1604 = 0.01 vs 0.1675 * 0.01,
» = 0.039).

Volumetric measurements that differed in the
groups were also examined in the most recently in-
fected HIV subgroup (infected <6 months). This anal-
ysis indicated a consistent pattern, with reductions
identified in SIENAX measures for total (64 = 2.95;
p = 0.006; mean * SD: 863,347 * 72,793.5 vs
925,978 * 54,840.7) and cortical gray matter (¢ =
2.99; p = 0.005; mean = SD: 660,068 = 68,553.8 vs
712,101 * 34,820.4) compared with controls. Simi-
larly, in the most recently infected HIV subgroup,
Freesurfer measurements for third ventricle were
enlarged (¢¥ = —2.24; p = 0.032; mean * SD:
0.000668 = 0.0001 vs 0.000572 = 0.000134) and
were nearly significantly reduced for cerebral cortex
(@ = 1.91; p = 0.065; mean = SD: 0.1583 =
0.0155 vs 0.1663 = 0.009) compared with controls.

Cognitive status. As shown in table 3, the HIV group
(n = 43) had weaker performance on Digit Symbol
(p = 0.001), Rey Complex Figure Recall (» = 0.003),
Verbal Fluency (p = 0.007), Rey Auditory Verbal
Learning (p = 0.024), Letter-Number Sequencing
(p = 0.021), Grooved Pegboard (dominant: p =
0.033 and nondominant: p = 0.033), and Odd Man
Out (p = 0.032) (all p values adjusted for false discovery
rate). Correlations of individual neuropsychological tests
with brain volumetric measures are shown in table e-2.



[ Table 3 Neuropsychological measures ]
HIV Control FDR
mean (SD) mean (SD) p Value

Digit Symbol 57.21 (9.63) 68.05 (8.11) 0.001°
Verbal Fluency 34.6 (7.50) 42.09 (10.18) 0.007°
Rey Complex Figure Recall 21.90 (7.08) 27.84 (4.48) 0.003?
Letter-Number Sequencing 11.24 (2.75) 13.52 (3.33) 0.022
Rey Auditory Verbal Learning 9.42 (2.75) 11.45 (2.65) 0.022
Grooved Pegboard (dominant) 65.40 (8.46) 59.60 (9.59) 0.03*
Grooved Pegboard (nondominant) 71.15 (9.32) 65.05 (9.79) 0.03°
0Odd Man Out 9.74 (0.44) 9.95 (0.21) 0.03%
Rey Complex Figure Copy 31.93 (4.61) 34.05 (3.47) 0.13
Timed Gait 10.28 (2.24) 9.66 (1.30) 0.23
Trails A 29.30 (8.86) 26.32 (8.73) 0.25
Trails B 66.51 (26.54) 60.73 (17.24) 0.34
CALCAP Choice 426.8 (54.72) 424.3 (54.10) 0.87
CALCAP Sequential 536.2 (110.7) 540.5 (96.40) 0.88

Abbreviations: CALCAP = California Computerized Assessment Package; FDR = false

discovery rate.
@ Significant p values.

Multivariable analyses. To examine the influence of
subject characteristics on the brain volumetric differ-
ences, age, education, race, gender, alcohol use (=5
drinks in past month), and past month amphetamine
or cocaine use were examined separately for each out-
come (total gray matter, cortical gray matter, cerebral
cortex, and third ventricle). Covariates with p < 0.25
in univariate analysis were then included in separate
multivariable regression models for each brain volu-
metric outcome using backward elimination at a sig-
nificance level of 0.05. Age was the only covariate
identified for total gray matter, cortical gray matter,
and cerebral cortex; there were no covariates for third-
ventricular group difference. After adjusting for age,
however, group differences between HIV and controls

[ Table 4 Correlations: Volumetric measurements and HIV clinical measures® ]
Entire HIV sample ARV naive ARV treatment
(n = 43) (h =23) (n = 20)
Plasma Plasma Plasma

Total gray matter
Cortical gray matter
Cerebral cortex

Third ventricle

HIVRNA CD4+

0.15
0.11
0.12

-0.29¢

HIVRNA CD4+ HIVRNA CD4+ CPE

-0.16 -0.08 -0.20 0.43 -0.21 0.48°
-0.17 -0.02 -0.29 0.46° -0.18 0.46°
-0.17 -015 -043° 0.44¢ -0.15 0.30

0.22 -0.12 0.34 -0.03 0.03 —0.46°

Abbreviations: ARV = antiretroviral; CPE = CNS penetration-effectiveness rank.
@ Spearman partial correlations adjusted for length of infection based on the early infection

assay estimate.
bp < 0.05.
°p < 0.10.

remained for cortical gray matter (p = 0.039) and
cerebral cortex (p = 0.051) and were nearly significant
for total gray matter (p = 0.096).

HIV disease status. Table 4 presents Spearman partial
correlations between the volumetric measurements that
differed in the groups (total gray matter, cortical gray
matter, cerebral cortex, and third ventricle) and disease
progression measures (plasma HIV RNA and CD4+
cell count) for the entire HIV sample and separately for
ARV-naive and ARV subgroups. Correlations with
CNS penetration index are also shown. Because plasma
HIV RNA and CD4+ cell count are known to be
highly nonlinear in the early clinical course, correlations
were adjusted for length of infection using the quanti-
tative early infection assay. No associations with plasma
HIV RNA and CD4+ cell count were identified in
this cross-sectional study. Lower CNS penetration was
associated with reduced total gray matter (p = 0.48;
2 < 0.05); nearly significant associations with reduced
cortical gray matter (p < 0.10) and with third-ventric-
ular enlargement (p < 0.10) were also identified in the
ARV subgroup.

Further analyses considered clinical variables
(CD4+ cell count, viral load [log transformed],
CD8, length of infection, ARV status [naive or initi-
ated]) and subject characteristics (age, education, race,
gender, alcohol [=5 drinks in past month], and past
month drug use) for associations with brain volumetric
outcomes (total gray matter, cortical gray matter, cere-
bral cortex, and third ventricle) separately in the HIV
group. Covariates with p << 0.25 in univariate analysis
were included in a separate multivariable regression
model for each brain volumetric outcome using back-
ward elimination at a significance level of 0.05. The
only factor associated with outcome in the HIV group
was age: total gray matter (p < 0.0001), cortical gray
matter (p < 0.0001), cerebral cortex (p < 0.0001), and
third ventricle (p = 0.0196).

DISCUSSION Findings from the Chicago Early HIV
Infection Study indicate reductions in both total and
cortical gray matter in a cohort infected, on average,
<1 year. Analysis of individual brain regions using
a separate algorithm revealed bilateral reductions in
cerebral cortex with expansion of third ventricle. It is
widely assumed that the brain does not incur injury in
early infection. Limited autopsy information is avail-
able for this period, however, and in earliest stages,
structural brain alterations may not be apparent on
postmortem examination. With advances in imaging
technology, it is possible to quantify structural brain
alterations in vivo that may not be detected otherwise.
Other quantitative imaging studies have detected al-
terations in neuronal markers in frontal gray macter,'
in resting cerebral blood flow in subcortical gray mat-
ter,’® and in brain functional connectivity." The
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assumption that the brain is spared in early infection
may have a basis in the onset of cognitive difficulties,
which usually do not present in this period. Diagnos-
tic criteria for HIV-associated neurocognitive disor-
der, however, emphasize an indolent course involving
mild, asymptomatic changes in initial stages. In the
Chicago Early HIV Infection Study, weaker perfor-
mance was indicated on several neuropsychological
tests, particularly psychomotor speed (table 3). It is
unlikely that these findings can be accounted for by
premorbid differences in the HIV group. The groups
did not differ on demographic variables or on a mea-
sure widely used to assess premorbid intellectual func-
tion in studies of cognitive deterioration.'* Findings
suggesting early onset of cognitive decline have also
been observed in the CHARTER cohort."®

In this investigation, structural brain alterations
were quantified even in the subgroup infected <6
months. Early viral pathogenesis is characterized by
an intense, albeit transient, period of high-grade viremia
involving exponential viral expansion to peak plasma
levels of 10 million copies/mL, induction of a cytokine
storm, and massive CD4+ T-cell destruction."” Early
viral invasion of the brain has been shown at autopsy
and by CSF analysis.”**** In a well-documented
death from accidental inoculation, infected microglia/
macrophages were detected in cerebral cortex and other
regions at autopsy on day 15.% Animal NeuroAIDS
models indicate that changes occur in the brain within
days of infection.”> Gray matter abnormalities and
third-ventricular enlargement have been seen in acute
HIV meningoencephalitis.** Infected macrophages,
neurotoxins, or other pathogens in the meninges,* sub-
arachnoid space, and parenchyma induce or express
cytokines, chemokines, and various cellular death path-
ways and/or impair neuroprotective functions.”® Expan-
sion in the third ventricle, the narrow midline cavity
inferior to corpus callosum, bordered by thalamus and
hypothalamus, likely reflects ex vacuo dilation from
tissue loss in subcortical regions and/or altered CSF
outflow and increased intracranial pressure. The brain
is encased in nonexpansile bone and highly vulnerable
to intense or prolonged neuroinflammation and
reduced perfusion.””

In analyses of potential factors associated with brain
structural alterations in the entire cohort and separately
in the HIV group, age was the only variable associated
with increased risk. Differences between the groups in
the brain volumetric measurements remained, however,
after adjusting for age. Other studies have shown accel-
erated brain aging in older HIV subjects.”®* Findings
from the Chicago cohort indicate that older age may
confer increased risk from the outset of infection. Con-
current CD4+ T-cell count or plasma viral load were
not associated with the brain volumetric measures (table
4). Analyses of risk relationships in this cross-sectional
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study must be interpreted with caution. The early nat-
ural history is highly dynamic, involving dramatic peak-
ing of viral load, CD4 depletion, and upregulation of
numerous immune mediators, all of which may normal-
ize to varying degrees with the mounting of host defense
and with treatment. Further longitudinal studies are nec-
essary to identify factors associated with HIV neurologic
outcome. Nadir CD4 levels have been found to predict
neurocognitive decline when studied over the longer-
term course.”

Volumetric measurements for the gray matter, corti-
cal, and third-ventricular findings did not differ in ARV-
initiated and ARV-naive subgroups in this observational
study (data not shown). However, as shown in table 4,
lower CNS penetration in the ARV subgroup was asso-
ciated with reduced total gray matter; nearly significant
associations with reduced cortical gray matter and third-
ventricular enlargement were also observed. Whether
the brain can be protected or recover from early injury
is unknown. Experimental evidence indicates that HIV-
induced inflammation and neuronal damage may be
reversible.>"*? Early brain structural alterations may
partly explain the failure of neuroprotection strategies
initiated later in infection.® Early ARV initiation may
inhibit viral spread, restrain the establishment or expan-
sion of viral reservoirs, reduce CD4 depletion, and pre-
serve immune function.** Clinical benefit is supported
by evidence that patients initiated on ARV treatment in
acute HIV infection remained aviremic after suspension
of therapy.?>*® However, ARV drugs vary in CNS pen-
etrance and suboptimal treatment confers risk.?” Increas-
ing prevalence of HIV-associated neurocognitive
disorder® and evidence of cognitive improvement with
treatment suspension® have raised concerns that ARV
drugs may be neurotoxic.

Brain volumetric findings from the Chicago Early
HIV Infection Study do not support the view that the
brain is spared in this stage of the natural history. More-
over, if ongoing injury involves heterogeneous processes
that increase (e.g., edema) and decrease (e.g., cell loss)
net volume, volumetric analysis likely underestimates
the overall extent of injury in this period. Changes un-
folding in the brain in early infection merit closer atten-
tion. The initial virus-host interaction is considered
pivotal in determining longer-term course and out-
come.® The viral setpoint established in this period,
for example, has prognostic significance for progression
to AIDS and death.** Further longitudinal studies are
necessary to determine the prognostic significance of
immunologic and virologic factors for risk or resistance
to neurologic injury and to determine whether early
ARV treatment is beneficial to the brain. Revisiting
the question of the brain’s vulnerability to processes
unfolding in the initial virus-host interaction may yield
new insights into neurologic injury in HIV infection
and inform neuroprotection strategies.
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