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ARTICLE INFO ABSTRACT

Keywords: Background: The history of immune suppression, especially CD4 nadir, has been shown to be a strong predictor
Atrophy of HIV-associated neurocognitive disorders (HAND). However, the potential mechanism of this association is not
Cortical thickness well understood.

CD4 Methods: High resolution structural MRI images and neuropsychological data were obtained from fifty-nine HIV
Igll)\i nadir + adults (mean age, 56.5 = 5.8) to investigate the correlation between CD4 nadir and cortical thickness.

Results: Low CD4 nadir was associated with widespread cortical thinning, especially in the frontal and temporal
regions, and global mean cortical thickness correlated with CD4 nadir. In addition, worse global neurocognitive
function was associated with bilateral frontal cortical thinning, and the association largely persisted (especially
in the left frontal cortex) in the subset of participants who did not meet HAND criteria.

Conclusions: These results suggest that low CD4 nadir may be associated with widespread neural injury in the
brain, especially in the frontal and temporal regions. The diffuse neural injury might contribute to the prevalence
and the phenotypes of HAND, as well as the difficulty treating HAND due to a broad network of brain regions
affected. Low CD4 nadir related neural injury to the frontal cortex might contribute to subtle neurocognitive
impairment/decline, even in the absence of HAND diagnosis.

1. Introduction

Despite largely successful viral suppression and immune recovery
with modern antiretroviral treatment in the era of combination anti-
retroviral therapy (cART), HIV-associated neurocognitive disorders
(HAND) remain highly prevalent in people with HIV (PWH)
(Heaton et al., 2010; Sacktor et al., 2016). Several risk factors have
been identified and proposed to contribute to HAND in the cART era,
including CD4 nadir (the lowest ever lymphocyte CD4 count), which
has been shown to be a strong predictor of neurocognitive impairment
(Ellis et al., 2011; Heaton et al., 2010; Mufoz-Moreno et al., 2008;
Robertson et al., 2007; Valcour et al., 2006). The impact of low CD4
nadir on neurocognitive function is generally referred to as an im-
portant “legacy event” effect. That is, the depth of immune suppression
associated with low CD4 nadir (i.e., less than 200 cells/ul) may have
caused irreversible neural injury that may persist years later. However,
the neuropathogenesis of low CD4 nadir effect on brain function and
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neurocognitive impairment is not well understood and remains to be
elucidated.

Using structural MRI techniques, several previous studies have
provided evidence suggesting that low CD4 nadir might be associated
with increased brain atrophy, including CSF/ventricular expansion,
white matter (WM) and gray matter (GM) volume reduction, and cor-
tical thinning (Clark et al., 2015; Cohen et al., 2010; Gongvatana et al.,
2014; Guha et al.,, 2016; Hua et al.,, 2013; Jernigan et al., 2011;
MacDuffie et al., 2018; Pfefferbaum et al., 2012; Sanford et al., 2017;
Tate et al., 2011; Tesic et al., 2018). A recent longitudinal study further
suggested that lower CD4 nadir might be associated with faster brain
atrophy throughout the course of HIV disease (Nir et al., 2019). How-
ever, the findings need to be extended and additional research is ne-
cessary. These previous studies relied on neuroimaging techniques that
have high sensitivity but low spatial specificity, such as total GM vo-
lume, global mean cortical thickness, and/or CSF/ventricular expan-
sion, therefore, the spatial profile of the neural injury associated with
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low CD4 nadir remains largely unknown. In addition, the effect size is
usually small/modest in the studies that have found an association
between low CD4 nadir and brain atrophy, including marginal but non-
significant findings (Chu et al., 2018; Clark et al., 2018).

In brain imaging research, the majority of MRI studies have relied
on voxel-wise or similar approaches (i.e., vertex-wise approach for
cortical thickness), which have the spatial specificity to relate atrophy
to specific brain region(s). However, to the best of our knowledge, there
is not a single published study that has found a significant association
between brain atrophy and low CD4 nadir using a voxel- or vertex-wise
approach. This could be due to two different scenarios: i) the brain
atrophy associated with low CD4 nadir is indeed confined to local area
(s) in each individual patient, but different brain areas are affected
differently between individuals, i.e., low CD4 nadir is associated with
atrophy in the left inferior frontal gyrus in one patient, versus the right
middle temporal gyrus in another patient. The high heterogeneity in
spatial locations would make it statistically impossible to detect a
correlation between brain atrophy and low CD4 nadir with a voxel-/
vertex-wise approach; or ii) the effect of low CD4 nadir on brain
structure is diffuse and widespread, but the effect size at each voxel/
vertex is small, thus it would be difficult to detect with the “standard”
statistical parametric map (SPM) framework, which has limitations in
detecting signal across voxels/vertices (Norman et al., 2006; Smith and
Nichols, 2009). Recently, to better detect true signal across voxels (or
vertices for surface-based analysis) while controlling for false positives,
several new techniques have been developed, including the “threshold-
free cluster enhancement” (TFCE) technique (Smith and Nichols, 2009).
TFCE is a permutation-based non-parametric technique that is designed
to optimize the detection of signal across voxels (even when the signal
is diffuse and low in amplitude) and has been shown to have a higher
sensitivity than conventional parametric approaches in detecting true
signal across voxels/vertices (Smith and Nichols, 2009). One limitation
of the TFCE technique is a high demand for computing power and the
need for rather lengthy computational time.

In the present study, we investigated the relationship between low
CD4 nadir and brain atrophy using the TFCE technique, with a focus on
cortical thickness: previous studies have suggested that CD4 nadir
might be more associated with cortical atrophy, whereas current viral
load might be more associated with subcortical atrophy (Cohen et al.,
2010; Guha et al., 2016). We predicted that if the impact of low CD4
nadir on brain atrophy is indeed confined to different local area(s) in
different patients, we might not be able to obtain any significant results
with the vertex-wise approach due to the high heterogeneity in spatial
locations. By contrast, if low CD4 nadir is associated with diffuse and
widespread atrophy that is relatively weak due to a small effect size, but
the brain areas affected are relatively consistent across patients (i.e., at
the same or similar anatomical locations), we predicted that the TFCE
technique might be able to reveal low CD4 nadir associated cortical
thinning across a broad network of brain regions.

2. Methods
2.1. Participants

Fifty-nine PWH from the greater Washington D.C. metropolitan area
participated in the study. A telephone screening interview followed by
an onsite screening visit was used to exclude participants who met at
least one of the following exclusion criteria: younger than 41 or older
than 70 years old; MRI contraindications such as metal implants or
claustrophobia; less than eight years of education; inability to speak or
understand English; illicit substance use within the previous three
months (screened with urine toxicology tests); and other confounding
factors such as major psychiatric disorders, stroke, and other non-HIV
neurological disorders. Written informed consent approved by the
Institutional Review Board at Georgetown University Medical Center
was obtained prior to enrollment. Blood specimens were collected to
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verify viral load and current CD4 counts. Medical data and other co-
morbidities such as substance abuse were assessed. CD4 nadir and es-
timated duration of HIV infection were collected through self-report
with each participant — and previous studies have shown that self-
reported CD4 nadir is largely accurate and strongly correlates with
actual medical records (if available) (Buisker et al., 2015; Ellis et al.,
2011). Five participants could not recall their CD4 nadirs, and were
excluded from the analyses involving CD4 nadir (n = 54).

2.2. Neuropsychological testing

Participants underwent a comprehensive neuropsychological as-
sessment comprising 12 standardized tests that assessed seven neuro-
cognitive domains, including speeded information processing, verbal
fluency, learning, memory, executive function, working memory, and
motor abilities. Additionally, participants completed the Lawton and
Brody Activities of Daily Living questionnaire (1969) in which they self-
reported any declines on everyday tasks (e.g., managing finances,
managing medications, etc.). A global deficit score (GDS) was com-
puted for each participant to determine neurocognitive impairment
based on a previously published algorithm (Blackstone et al., 2012;
Carey et al., 2004), with a higher GDS indicating a worse global neu-
rocognitive function. The GDS was then used for HAND diagnosis using
the standard Frascati guideline (Antinori et al., 2007). All participants
were included in the GDS analysis (n = 59).

2.3. MRI data acquisition

MRI data was acquired at the Center for Functional and Molecular
Imaging at Georgetown University Medical Center using a 3-Tesla
Siemens Magnetom Tim Trio whole-body scanner (Erlangen, Germany)
and a manufacturer supplied 12-channel phased array head coil.
Structural images were acquired with a 3D T1-weighted sequence
(MPRAGE, magnetization prepared rapid acquisition gradient echo)
with the following parameters: TR/TE = 1900/2.52 ms, TI = 900 ms,
flip angle = 9°, 160 contiguous 1 mm sagittal slices,
FoV = 256 x 160 X 256 mm, 1 mm?® resolution.

2.4. MRI data preprocessing and analysis

MRI data preprocessing and analysis was performed using the
SPM12  software package (https://www.fil.ion.ucl.ac.uk/spm/
software/spm12/) and the CAT12 toolbox release 12.6, r1434
(http://dbm.neuro.uni-jena.de/cat/) in MATLAB (release 2017b, The
MathWorks, Inc., Natick, Massachusetts, United States).

Standard preprocessing procedures were used, including correction
for bias-field inhomogeneities, denoising, skull-stripping, segmentation,
and corrections for partial volume estimation. Segmentation output
comprised GM, WM, and CSF tissue class volumes for each participant.
Tissue class volumes were then used to spatially normalize all images to
the template in standard Montreal Neurologic Institute (MNI) space.
Cortical thickness was estimated using the projection-based thickness
algorithm implemented in the CAT12 toolbox with default parameters
(Dahnke et al., 2013). Spherical mapping of the cortical surface
(Yotter et al., 2011) was used for inter-participant registration of cor-
tical surfaces for each brain hemisphere, followed by resampling and
15 mm full width at half maximum (FWHM) Gaussian smoothing of
vertex values before being used for statistical analyses. For GM volume-
based analyses, normalized GM voxel values were modulated to pre-
serve voxel-wise estimates of the absolute amount of tissue, then
smoothed using a Gaussian kernel of 8 mm FWHM prior to statistical
analysis.

In order to determine regions of cortical thickness that correlate
with HIV-disease (including CD4 nadir, current CD4, and disease
duration), multiple regression analyses were performed within the
CAT12 software general linear model (GLM) interface, with age,
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Table 1
Demographic and clinical characteristics of study participants.

HIV-positive (n = 59)

Age [years, mean (SD)] 56.5 (5.8)
Sex [n,% (male)] 45 (76)
Race [n,% (African-American)]” 46 (78)
Education [years, mean (SD)] 13.9 (3.2)
Duration of HIV infection [years, mean (SD)] 25.3 (8.2)

Current CD4+ [cells/ul, median (IQR)]
Nadir CD4+ [cells/pl, median (IQR)]”

741 (503-941)
190 (55-357)

Plasma viral load <20 copies/ml [n, (%)]° 50 (85)
Global deficit score (GDS) [mean (SD)] 0.3 (0.3)
HAND diagnoses [n, (%)1¢ 14 (24)

IQR, interquartile range; HAND, HIV-associated neurocognitive disorders.

2 Twelve participants were Caucasian and one participant was Hispanic.

Y Five participants were missing nadir CD4+.

¢ Four participants had plasma viral load greater than 100 copies/ml.

4 Twelve participants were diagnosed with asymptomatic neurocognitive
impairment (ANI) and two participants were diagnosed with mild neurocog-
nitive disorder (MND) using standard Frascati criteria.

education, sex, and race as four nuisance covariates, and CD4 nadir,
current CD4, and disease duration as three dependent variables in a
single model. The correlation between GDS and cortical thickness was
also investigated, using age, education, sex, and race as nuisance cov-
ariates. Non-parametric statistical significance testing was run using
5000 resampling steps in the TFCE toolbox (Smith and Nichols, 2009),
reporting results that survive an FWE vertex-level multiple comparisons
correction of p < 0.05. A similar correlation was calculated using GM
volume, with the addition of total intracranial volume (TIV) as a nui-
sance covariate.

In addition, global mean cortical thickness, total GM volume, total
WM volume, total cortical and subcortical GM volume, and TIV were
extracted and their relationship with CD4 nadir, current CD4, and
disease duration was examined after controlling for participant age,
education, sex, and race. Similar analyses were done with GM/WM
volume after dividing by TIV.

3. Results

The demographical and clinical characteristics of the participants
(n = 59) are shown in Table 1. Out of the 59 participants, 12 met
standard Frascati criteria for asymptomatic neurocognitive impairment
(ANI), two met the criteria for mild neurocognitive disorder (MND).
There was no significant correlation between GDS and clinical nor de-
mographic variables. The correlations between age, education, GDS,
disease duration, current CD4, and CD4 nadir are listed in Supple-
mentary Table 1. A scatterplot of GDS versus CD4 nadir is shown in
Supplementary Figure 1.

For surface-based analysis, multiple regression analysis revealed
that low CD4 nadir was associated with widespread cortical thinning,
especially in the right frontal and temporal regions (Fig. 1A). By con-
trast, no clusters survived at the threshold of p < 0.05 (FWE-corrected)
for the correlation between cortical thickness and current CD4 nor
disease duration. The percent (%) of cortical thinning with every 100-
cell drop in nadir CD4 at each location varied between 0.41% and
4.15% (Fig. 1B). Three post-hoc analyses were conducted with each of
the three clinical variables (CD4 nadir, current CD4, and disease
duration) separately (Supplementary Fig. 2), and similar results were
observed for CD4 nadir. We conducted an additional analysis on a
subset of PWH subjects with undetectable plasma viral load (n = 50)
and obtained results similar to the entire study sample (Supplementary
Fig. 3).

Higher GDS score was primarily associated with cortical thinning in
the left and right prefrontal cortex, as well as part of the left premotor
area (Fig. 2A). The brain areas negatively associated with GDS in
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cortical thickness overlapped well with those positively associated with
CD4 nadir, especially in the prefrontal cortex. To further investigate the
correlation between cortical thickness and GDS, we extracted the mean
cortical thickness of the two clusters identified in Fig. 2A, and in-
vestigated the association between the mean cortical thickness of each
cluster and GDS using a partial correlation after controlling for the
linear effects of age, education, sex, and race. As expected with how the
ROIs were defined, there was a strong negative correlation between
GDS and mean cortical thickness for both clusters (Fig. 2B and C). Si-
milar results were observed when the outlier subject (circled in O) was
excluded (left frontal cluster, r = —0.419, p = 0.0016; right frontal
cluster, r = —0.301, p = 0.027). More importantly, in the subset of
participants (n = 45) who did not meet HAND diagnostic criteria yet,
the negative correlation between GDS and mean cortical thickness was
still significant in the left frontal cluster (p = 0.0020) (Fig. 2B), al-
though not in the right frontal cluster (p = 0.14) (Fig. 2C), suggesting
that frontal atrophy might contribute to early and mild global neuro-
cognitive decline in PWH who do not meet HAND diagnostic criteria.

No clusters survived at the threshold of p < 0.05 (FWE-corrected)
for the correlation analyses between HIV disease duration and cortical
thickness, nor between current plasma viral load and cortical thickness.

The global mean cortical thickness strongly correlated with CD4
nadir (r = 0.513, p = 0.00005) (Fig. 3A), but not disease duration
(r = 0.269, p = 0.058), nor current CD4 (r = 0.029, p = 0.843). In the
subset of participants with undetectable viral load (n = 50, Table 1),
the positive correlation between global mean cortical thickness and
CD4 nadir was also significant (r = 0.415, p = 0.0069). In addition,
there was a marginal negative correlation between global mean cortical
thickness and GDS (r = —0.27, p = 0.046) (Fig. 3B), however, the
correlation was no longer significant when the outlier subject (circled in
0O) was excluded (p = 0.380).

For volumetric analyses, we did not observe any significant corre-
lations between GM volume and CD4 nadir, either using a voxel-based
morphometry approach (no cluster survived at the threshold p < 0.05,
FWE-corrected), or simply using global measurements such as total GM
volume (p = 0.107), total cortical GM volume (p = 0.096), or total
subcortical GM volume (p = 0.683), suggesting that a surface-based
approach might be more sensitive to detect low CD4 nadir induced
brain atrophy than a voxel-based approach. No significant correlations
between GM volume and current CD4 nor disease duration were ob-
served.

4. Discussion

In the present study, using a non-parametric statistical approach
with cortical thickness we provide evidence suggesting that low CD4
nadir was associated with widespread cortical atrophy (specifically,
cortical thinning), especially in the prefrontal and temporal regions.
Lower global neurocognitive function (i.e., higher GDS) was primarily
associated with cortical thinning in bilateral prefrontal areas, and the
association persisted even when only examining a subset of participants
who did not meet HAND diagnostic criteria, especially in the left frontal
cortex.

In the cART era, low CD4 nadir has been associated with increased
risk of HAND (Ellis et al., 2011; Heaton et al.,, 2010; Mufoz-
Moreno et al., 2008; Robertson et al., 2007; Valcour et al., 2006), but
the potential mechanism of this association is not well understood.
While previous studies have provided evidence suggesting that low CD4
nadir might contribute to brain atrophy in PWH, these studies have
been using approaches that have high sensitivity but low spatial spe-
cificity (i.e., total GM volume or global mean cortical thickness).
Therefore, the spatial profile of the association between low CD4 nadir
and brain atrophy remains to be investigated. There are three possible
scenarios: the impact of low CD4 nadir on brain atrophy is confined to
local areas, but with different brain areas affected in different patients;
the impact is global and widespread (but with a small effect size at each
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Fig. 1. Cortical thickness and CD4 nadir. (A) Whole-brain vertex-wise analysis of the association between cortical thickness and CD4 nadir. (B) The percent (%) of
cortical thinning associated with every 100-cell drop in CD4 nadir at each location in the clusters identified in (A).

voxel/vertex), with no brain regions that are preferentially affected; or
the impact is widespread, but some brain regions (i.e., frontal cortex)
are more vulnerable than other regions. These scenarios have different
implications for the neuropathological process of low CD4 nadir on
brain structure/function, and likewise may require different strategies/
approaches in developing interventional therapies to prevent/treat
HAND that is partially due to the history of immune suppression (as
measured by CD4 nadir). These scenarios, however, cannot be differ-
entiated using global measurements such as CSF/ventricular expansion
or total GM volume, which do not have the spatial specificity. In the
present study, we confirmed that global mean cortical thickness was
associated with CD4 nadir (Fig. 3A) in line with previous reports
(Chu et al., 2018; Guha et al., 2016). More importantly, using the TFCE
technique that has a high sensitivity while maintaining spatial specifi-
city (i.e., a vertex-wise approach to search the entire cortex) and con-
trolling for false positives (p < 0.05, FWE-corrected), we provided
evidence suggesting that the impact of low CD4 nadir on cortical
atrophy is diffuse and widespread, with the frontal and temporal re-
gions particularly vulnerable. The finding of an association between
low CD4 nadir and widespread cortical atrophy is novel and has im-
portant clinical implications, i.e., the history of immune suppression
may have a broad impact on the entire brain structure and function,

which in turn might contribute to the high prevalence of HAND in the
cART era and make it difficult to effectively treat HAND due to a broad
network of brain regions affected. These results further bolster the
importance of early initiation of cART during acute infection to facil-
itate immune recovery (Sharma et al., 2019) and to reduce the risk of
HAND (Crum-Cianflone et al., 2013). In addition, the vulnerability of
frontal and temporal regions to low CD4 nadir is interesting, as it might
contribute to the phenotypes of neurocognitive impairment in the cART
era, including the prevalence of mild symptoms and the affected neu-
rocognitive domains (Heaton et al., 2011, 2010).

The frontal region has long been considered as the essential hub of
brain networks involved in executive function (Stuss and
Alexander, 2000), and frontal atrophy has been frequently detected in
PWH (Becker et al., 2011; Clifford et al., 2017; Jernigan et al., 2005;
Li et al., 2014; Sanford et al., 2018; Spies et al., 2016; Towgood et al.,
2011) and has been associated with neurocognitive impairment
(Nichols et al., 2019). Recently, using a novel meta-analysis technique,
we have provided quantitative evidence suggesting that the frontal
cortex may be the most consistently affected brain region in PWH in the
cART era, especially in cognitively “normal” PWH (Israel et al., 2019).
Based on the meta-analysis results and previous studies, we have pro-
posed a neural model of HAND severity (Israel et al., 2019), in which
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mild neurocognitive decline prior to the onset of HAND diagnosis. The
overlap between the brain areas associated with GDS and low CD4
nadir in the frontal region suggests that the history of immune sup-
pression might contribute to the frontal atrophy that underlies the high
prevalence of executive dysfunction and mild neurocognitive impair-
ment in PWH in the cART era. Although the high prevalence of ex-
ecutive deficits in PWH in cART era supports a critical role of prefrontal
atrophy in global cognitive decline (Israel et al., 2019), and previous
studies have suggested a central role of prefrontal cortex in cognitive
aging, future studies are needed to thoroughly investigate the associa-
tion between neurocognitive performance of each individual neuro-
cognitive domain and cortical thickness (or brain atrophy in general).

Previous studies have suggested low current CD4 counts might be
associated with cortical thinning (Thompson et al., 2005). In the pre-
sent study, the correlation between current CD4 and cortical thickness
was significant across many brain areas only when including one outlier
participant whose current CD4 (31 cells/ul) was his new CD4 nadir
(Supplementary Fig. 1B). In line with previous reports
(Thompson et al., 2005), this suggests that significant current immune
suppression (i.e., with current CD4 counts less than 100 cells/pl) may
lead to potentially widespread cortical thinning. Taken together, these
results suggest that significant current immune dysfunction might be
detrimental to brain structure, leading to cortical thinning (especially in
the prefrontal cortex), which might recover (at least partially) along
with the recovery of immune function (Pfefferbaum et al., 2014). This
again supports the importance of early initiation of cART after ser-
oconversion. The association between cortical thinning and low CD4
nadir might be a direct or indirect consequence of the impact of low
CD4 on cortical thickness prior to cART initiation.

In the present study, we did not observe a significant correlation
between GM volume and CD4 nadir using a voxel-based morphometry
approach, suggesting that cortical thickness might be more sensitive to
capture brain atrophy due to low CD4 nadir. Using a global measure-
ment approach focusing on total GM volume, we found a weak but non-
significant correlation between CD4 nadir and total cortical GM volume
(p = 0.096), but not total subcortical GM volume (p = 0.683),
which—while not significant—is in line with previous reports that
suggest low CD4 nadir might be more associated with cortical than
subcortical atrophy (Cohen et al., 2010; Guha et al., 2016).

There are some limitations of the present study. First, there was a
significant correlation between disease duration and age in this cohort
of PWH participants, which might limit our capability to detect the
probable impact of disease duration on brain structure (Cohen et al.,
2010; Gongvatana et al., 2014; Tesic et al., 2018). Second, unlike
previous studies (Cohen et al., 2010; Guha et al., 2016), we did not
observe a correlation between current viral load and subcortical
atrophy; this might be due to the fact that the majority of participants
(50 out of 59) in the present study had undetectable viral load, and only
three had a plasma viral load higher than 150 copies/pl. Third, while
several previous studies have suggested an impact of low CD4 nadir on
WM volume (Gongvatana et al., 2014; Hua et al., 2013; Jernigan et al.,
2011; Sanford et al., 2017; Tate et al., 2011), WM hyperintensities
(WMH) (Moulignier et al., 2018), and WM integrity (Bell et al., 2018;
Cordero et al., 2017), we did not find a significant impact of CD4 nadir
on total WM volume in the present study (p = 0.713), and we could not
assess WMH nor WM integrity as this study focused on T1-weighted
structural images. To fully understand the neuropathogenesis of low
CD4 nadir on brain structure/function, future multimodal MRI studies
are needed to assess and integrate the impact of low CD4 nadir on brain
atrophy, WM injury/abnormalities, shift in neurochemistry, and altered
neuronal activity.

In summary, using a vertex-wise approach along with the TFCE
technique and a conservative threshold, the present study investigated
the impact of low CD4 nadir on the entire cortex. The results support
the hypothesis that low CD4 nadir is associated with widespread cor-
tical atrophy in PWH, especially in the frontal and temporal regions,
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which might contribute to the phenotypes and prevalence of HAND in
the cART era and partially explain the difficulty treating HAND. These
findings support the importance of early cART initiation to prevent
significant immune suppression, which is linked to widespread cortical
thinning. In addition, the significant correlation between GDS and
frontal cortex thickness (including in PWH without HAND) suggests
that frontal atrophy may contribute to the high prevalence of neuro-
cognitive impairment and decline in the cART era, even in those who do
not meet HAND diagnostic criteria.
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