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ABSTRACT
HIV-associated neurocognitive disorders (HAND) are a manifestation of

neuropsychological (NP) impairment. Brain atrophy that exceeds normal age-related
volumetric loss has been observed in HIV patients with NP impairment, and cerebral
metabolites have been associated with reduced regional brain volumes and cognitive
impairment. Low levels of scyllo-inositol (sl) were recently found to be related to NP
impairment in a cohort of HIV patients with mild-to-moderate cognitive impairment. sl has
not been extensively studied in the HIV population, so its role in HIV infection and
cognitive impairment is unknown. To elucidate the potential roles of sl and other cerebral
metabolites in cognitive impairment, we examined associations between metabolites,
regional brain volumes, NP performance, and inflammatory markers in HIV+ individuals
on combination antiretroviral therapy (CART) who had mild-to-moderate cognitive
impairment. We also examined changes in metabolites among HIV patients before and
after initiation of Cenicriviroc (CVC) or Maraviroc (MVC).

Magnetic resonance imaging (MRI) was used to obtain T1-weighted scans, which
were processed using FreeSurfer (version 6.0) to obtain regional brain volumes and total
intracranial volume (ICV) of HIV+ participants (N=30) from the CVC and Maraviroc MVC
studies from the Hawai‘i Center for AIDS. Single-voxel magnetic resonance spectroscopy
(MRS) and magnetic resonance spectroscopy imaging (MRSI) at 3T was used to
measure brain metabolites. Participants underwent NP tests in multiple domains. Immune
and inflammatory markers were measured by multi-parametric flow cytometry.
Multivariable regression models, Pearson and Spearman correlations, Wilcoxon signed-

ranked tests, and Mann-Whitney tests were performed using SPSS (versions 26 and 27).



There were many significant associations and correlations between cerebral
metabolites, regional brain volumes, NP domains, and inflammatory markers. Choline
concentrations increased among patients treated with CVC. HIV patients in the MVC
treatment group vs. the placebo group had higher mean differences in GABA and choline.

Our study identified multiple associations between cerebral metabolites and
regional brain volumes, including sl being positively associated with the putamen,
cerebellar cortex and white matter, and the brain stem. This metabolite should be studied
further as it could play a role in improving brain health and neurocognitive performance

among HIV+ individuals.
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Chapter I. Background



1.1 Human Immunodeficiency Virus (HIV)
i. History and Epidemiology

Human immunodeficiency virus (HIV) is a retrovirus that can cause acquired
immunodeficiency syndrome (AIDS) [1]. AIDS was first discovered in the United
States in 1981 when individuals were diagnosed with Pneumocystis carinii
pneumonia (PCP), Kaposi’s sarcoma, and other opportunistic infections [2]. A year
later, AIDS was declared an epidemic as cases were discovered globally [3, 4]. A
group of scientists at the Institut Pasteur in France identified the etiological agent
of AIDS as HIV-1, which they originally named lymphadenopathy-associated virus
(LAV) [1]. Following the identification of the virus, molecular epidemiologic studies
identified the origin of HIV in West Africa where a cross-species transmission event
occurred between non-human primates (e.g., chimpanzees and gorillas) and
humans [2, 5, 6]. This zoonotic transmission was thought to have occurred due to
the hunting and butchering of primates for bushmeat [5, 6].

In addition to identification of the virus and its origins, HIV transmission
routes were being explored. Several modes of HIV transmission have been
identified including sexual, injection drug use, mother-to-child, and blood
transfusion [7, 8]. Globally, the major route of transmission is heterosexual contact
with mucosal surfaces [9]. There are a variety of prevention practices to reduce
incidence. For example, HIV infection through sexual intercourse can be reduced

by pre-exposure prophylaxis (PrEP), condoms, antiretroviral treatment, and more

[71



Vital discoveries and advances in prevention and treatment, in particular
antiretroviral therapy (ART) and PrEP, impacted the HIV/AIDS epidemic [1, 3, 9].
Antiretroviral therapy resulted in a reduction of deaths due to HIV/AIDS: HIV
mortality peaked in 2005-2006 at about 2 million deaths but has since decreased
to about 1 million deaths [9, 10]. The development of PrEP has reduced the
incidence of HIV infections globally [3]. While mortality and incidence have
decreased, prevalence has increased as HIV-infected persons are living longer
due to these breakthroughs [9]. It is estimated that more than 36 million people live
with HIV/AIDS, the majority of which are in Sub-Saharan Africa [9, 10].

ii. Virology

There are two types of HIV isolates: HIV-type 1 (HIV-1) and HIV-type 2 (HIV-
2) [11]. HIV-1 is the main etiological agent of AIDS, while HIV-2 is mostly seen in
Western and Central Africa.

HIV falls within the Lentivirus genus and the Retroviridae family [11-13].
Closely related viruses include simian immunodeficiency virus (SIV), visna virus,
and equine infectious anemia virus (EIAV) [13].

The retrovirus genome is two identical SSRNA copies [11, 12]. The HIV
genome in particular contains structural and accessory/regulatory genes. The
structural genes include gag, pol, and env [11, 12]. Each of these genes encodes
vital proteins for viral structure and assembly, binding and fusion, and replication.
The gag gene encodes for the capsid protein, matrix protein, and nucleoprotein.
Glycoproteins gp120 and gp41, which are essential for binding and fusion, are

encoded by the env gene. Finally, the pol gene encodes replication enzymes, such



as reverse transcriptase, integrase, and protease. Reverse transcriptase is
required to convert viral RNA to DNA. Integrase will integrate the newly converted
viral DNA into host chromosomal DNA. Protease will cleave gag and pol proteins
to produce a mature virion.

There are several accessory/regulatory genes in the HIV genome, including
tat, rev, vpr, vpx, vpu, and vif [11, 12]. These genes play a multitude of roles in the
replication cycle. The transactivator protein is encoded by tat, and, as its name
implies, will activate the transcription of HIV genes. The rev gene encodes for the
RNA splicing regulator protein, which is involved in the regulation of viral RNA form
the nucleus to the cytoplasm. Virus protein r is encoded by vpr and has several
functions in cell cycle arrest, transportation of viral DNA into the nucleus, and virus
infectivity. Virus protein x, encoded by vpx, is found in the HIV-2 genome instead
of vpr, and it also regulates the transit of viral DNA into the nucleus. Virus protein
unique is translated from vpu and is involved in a swath of areas from viral particle
release to CD4 degradation to intracellular trafficking. Lastly, the viral infectivity

protein, encoded by vif, strengthens infectivity of viral progeny.
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Figure 1. HIV-1 genome [12].



The replication of HIV in host cells can be divided into the following steps:
1) binding and entry; 2) uncoating; 3) reverse transcription; 4) integration; 5) viral
protein synthesis and assembly; and 6) budding [11]. First, the virus binds to the
host cell [1, 11, 14]. The key structures involved in binding are the viral gp120 and
the host CD4 receptor, which is found on CD4+ T-cells and sometimes monocytes,
macrophages, and dendritic cells [11, 15]. The binding of gp120 to CD4 results in
a structure change in gpl20 that allows it to bind to chemokine receptors,
specifically CXC4 or CCRS5, on the host cell membrane [1, 11, 12]. Following this,
gp41l inserts itself into the cell membrane, and the structure changes to produce a
hairpin loop, which brings the viral and cell membranes together to allow fusion
and entry of the viral capsid.

Once the viral capsid is in the cell, it begins to uncoat in the cytoplasm.
Reverse transcriptase converts the viral RNA into DNA, which is integrated into
the host chromosomal DNA using integrase. The integration of viral DNA into host
DNA results in provirus molecules. Host cell machinery transcribes proviral DNA
into viral mRNA, which is then translated and synthesizes viral proteins. The
proteins assemble and are cleaved into their final forms by protease, which is
required to form infectious viral particles. The viral particle buds from the host cell
membrane, allowing them to acquire a new envelope.

iii. Clinical Disease

There is a spectrum of disease related to HIV infection. When individuals

are first infected with HIV (acute HIV infection), they develop nonspecific, flu-like

symptoms, including fever, fatigue, myalgia, rash, and headache [15-17]. Due to



the nonspecific clinical manifestations, tests detecting the virus and/or antibody
tests are used to diagnose an acute or primary HIV infection [17].

Three etiologies of HIV pathogenesis have been identified [15]:

1) Slow and continual damage of CD4* T-cells, leading to the destruction of
cell-mediated immunity and the development of AID, which allows for
opportunistic pathogens to cause infection.

2) Direct tissue damage as a result of mononuclear cell activation by HIV.

3) Indirect tissue damage due to immune activation and endothelial cell
dysfunction.

Before the development of ART, most HIV-infected individuals developed AIDS
and succumbed to an opportunistic infection. Some of these diseases are
distributed globally while others are only seen in certain regions.

The most common disease resulting from direct tissue damage by HIV is
progressive generalized lymphadenopathy (PGL). This develops early during the
infection and typically resolves on its own. Some of the syndromes associated with
this disease are splenomegaly, HIV enteropathy, tonsillar enlargement, and
parotid lymphoepithelial cysts. Children may also develop lymphoid interstitial
pneumonia (LIP) in the lung.

Indirect tissue damage is of concern in both untreated and treated HIV
infections. Diseases resulting from immune activation and endothelial dysfunction
include, but are not limited to, ischemic heart disease, stroke, liver fibrosis, chronic
obstructive  pulmonary  disease, pulmonary  hypertension,  venous

thromboembolism, and neurocognitive disorders.



iv. Treatment

Antiretroviral therapy (ART) is the best option for HIV-infected individuals
as it results in viral suppression and decreased morbidity and mortality [18]. The
first ART developed was nucleoside reverse transcriptase inhibitors (NRTI) in 1987
[19]. Combination antiretroviral therapy (CART) was developed and implemented
over a decade later in 1996. The combination of a protease inhibitor with two NRTIs
suppressed HIV while improving CD4 count and survival [19, 20]. The use of cART
continues today as most people are prescribed three or more active drugs that
target at least two molecular mechanisms of the HIV replication cycle [18, 20].

There are six classes of ART drugs, and they are classified by their targets
in the HIV replication cycle [20]. The six classes are: 1) co-receptor antagonists,
2) fusion inhibitor, 3) non-nucleoside-analog reverse transcriptase inhibitors
(NNRTIs), 4) nucleoside reverse transcriptase inhibitors (NRTIs), 5) integrase
inhibitors, and 6) protease inhibitors. Co-receptor antagonists target entry of HIV
into the cell by binding to CD4 whereas fusion inhibitors target the gp41 protein to
prevent fusion of the HIV virus with the cell. Reverse transcriptase inhibitors come
in two forms: 1) non-nucleoside reverse transcriptase inhibitors (NNRTIS) and 2)
nucleoside reverse transcriptase inhibitors (NRTIs). These drugs interfere with HIV
reverse transcriptase activity and prevents the generation of viral DNA. Integrase
is required to integrate the viral DNA with cellular DNA, and integrase inhibitors
block this action. Protease is an enzyme involved in the maturation of HIV virions.

By inhibiting these enzymes, mature virions are not released by the infected cell.



v. Prevention

As previously mentioned, there are several modes of HIV transmission:
sexual, injection drug use, mother-to-child, and blood transfusion [7, 8]. Prevention
methods are focused around these modes of transmission.

Sexual transmission of HIV is prevented through the use of condoms, an
affordable option for many people [18, 21]. This prevention method is advertised
in coordination with abstinence and monogamous relationships, which is
commonly known as the ABC (abstinence, be faithful, condom use) strategy [18].
Other interventions to prevent the sexual transmission of HIV include male
circumcision and pre-exposure or post-exposure prophylactic treatment (PrEP and
PEP, respectively) [18, 21, 22]. PrEP is recommended for individuals at high risk
of HIV infection [22]. Additionally, ensuring that HIV-infected individuals are on
ART and have been virologically suppressed for at least six months is another
prevention method as those individuals cannot sexually transmit HIV [21, 23].

Various prevention programs have been implemented to prevent HIV
infection by injection drug use. A successful intervention that prevents HIV and
other infectious disease is needle exchange programs [7]. Opioid substitution
programs have also been successful in increasing uptake of ART among HIV-
infected individuals, resulting in viral suppression [24].

Several prevention methods utilized to prevent HIV mother-to-child
transmission include highly active antiretroviral therapy (HAART), routine HIV

screening, delivery by cesarean section, and formula feeding [18, 21, 22].



Breastfeeding with abrupt weaning is recommended in regions of the world where
clean water is not readily accessible [18].

To prevent HIV transmission by blood transfusions, blood is usually
screened for the HIV antibodies and/or virus [7, 21, 25].

Currently, there are no vaccines available to prevent HIV infection [26, 27].
Several candidates progressed to human trials but failed to be immunogenic or
resulted in low efficacy [28]. Progress continues to be made though as the fusion
peptide of the HIV Envelope (Env) became a frontrunner as a potential vaccine
target [26]. Additionally, strategies and concepts used to develop an HIV vaccine
can potentially guide and be implemented against future pathogens.

1.2 HIV-Associated Neurocognitive Disorders (HAND)
i. Epidemiology

HIV-associated neurocognitive disorders (HAND) are a group of
neurocognitive impairment manifestations among HIV-infected individuals [29].
Various neuropsychological (NP) domains may be affected, including
verbal/language, attention/working memory, executive function, information
processing, and motor skills. There are three types of HAND: 1) HIV-1-associated
asymptomatic neurocognitive impairment (ANI), 2) HIV-1-associated mild
neurocognitive disorder (MND), and 3) HIV-1-associated dementia (HAD) [30].
The introduction of cART in the 1990s resulted in a decrease of the most severe
form, HAD, but about half of all treated HIV patients have some form of cognitive
impairment [31, 32]. This prevalence has essentially remained the same since the

pre-cCART era [31]. Several risk factors are associated with HAND, including



cerebrovascular disease (obesity, diabetes, hypertension), older age, co-infection
with hepatitis C, sleep disorders (insomnia, sleep apnea), psychiatric conditions
(depression, anxiety), and substance use [33].

ii. Pathogenesis

HIV needs to enter the central nervous system (CNS) for HAND to develop.
There are several theories that propose the HIV entry mechanism into the CNS.
The first is the “Trojan Horse” theory: HIV enters the CNS through an infected
monocyte, CD4* T lymphocyte, or epithelial cell [34, 35]. Research shows that HIV
can disrupt the blood-brain barrier (BBB) through the Tat protein [35]. Another
theory postulates increased BBB permeability due to elevated levels of
proinflammatory cytokines. This allows HIV to pass the BBB by transcytosis using
the viral protein gp120.

Following CNS infiltration by HIV, which can occur within the first weeks of
infection, resident cells in the brain, including microglia, macrophages, astrocytes,
and oligodendrocytes, can be infected by the virus [35-37]. While neurons are
typically not infected, they are impacted by the infection through increased
inflammation and production of neurotoxins, resulting in neurodegeneration and

chronic immune activation.
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Figure 2. CNS penetration of HIV-1 and its effects on resident CNS cells [35].

iii. Clinical Disease

As previously mentioned, HAND is classified into three categories: 1) HIV-
1-associated asymptomatic neurocognitive impairment (ANI), 2) HIV-1-associated
mild neurocognitive disorder (MND), and 3) HIV-1-associated dementia (HAD) [29-
31, 38]. ANl is characterized as impairment in at least two NP domains, which is
documented by cognitive test scores at least 1.0 standard deviation (SD) below

the mean on standardized NP tests [29]. Despite the test results, cognitive

11



impairment among ANI patients does not interfere with daily activities [29, 38].
MND is similar to ANI in that patients are cognitively impaired in at least two
domains, but they differ in that MND patients are characterized as having mild
interference with their daily activities. Patients diagnosed with HAD are also
impaired in at least two NP domains, but the impairment must be at least 2.0 SD
below the standardized mean [29]. Additionally, the cognitive impairment of HAD
patients interferes greatly with their daily functioning [29, 38].

Patients not on ART or who have had unsuccessful treatment by ART may
develop HIV encephalitis and HIV leukoencephalopathy [29]. These conditions
involve disseminated infiltrates of certain immune cells, such as lymphocytes and
macrophages, bilateral diffuse loss of myelin in the white matter, astrocytosis, and
microglial infiltration.

iv. Treatment and Prevention

Treatment of HAND focuses on CNS viral suppression [29]. The initiation of
CART is the gold standard for HAND patients not on ART as it leads to reduced
viral load in the CNS. Patients experiencing severe forms of HAND are expected
to show marked improvement as CD4* lymphocytes increase.

Treatment of HAND patients who are already on cART is slightly more
difficult. Clinicians and researchers have considered adapting cCART to include
drugs that can effectively penetrate the CNS [29, 33]. Letendre and others created
a system to rate CNS penetration effectiveness (CPE) by certain HIV antiviral
substances [29, 33, 39]. Of these, the substances that have the highest score, and

can penetrate the CNS most effectively, are zidovudine, nevirapine, indinavir, and

12



dolutegravir. Studies show that these drugs were associated with lower viral loads
in the CSF [29, 40-42]. While cART can suppress viral load in the CNS,
neurotoxicity effects of CART need to be considered as well [29, 33]. Reports of
worsening neurocognitive function among HAND patients on high CPE cART
regimens imply that the antiviral substances themselves may be causing
neurotoxic effects in the brain [33].

Non-antiretroviral substances, such as lithium, psychostimulants, valproate,
and more, have also been considered for treatment of HAND, but none have
shown any clinical benefit [29].

It is believed that HAND could be prevented by initiating cART during

primary HIV infection, but no randomized trials have investigated this [29].
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2.1 Background and Rationale

HAND pathogenesis can result in changes in regional brain volumes as
previous literature observed more rapid average rates of atrophy in several brain
regions, including the cerebellum, caudate, frontal lobe, brain stem, and pallidum,
among HIV-infected individuals compared to HIV-negative controls [1-4]. Potential
biomarkers of these volumetric changes are cerebral metabolites as they may
reflect (and serve as markers of) neurological functions, including neurocognitive
performance [5-9]. Metabolite differences were observed between HIV-infected
persons and healthy controls. Specifically, HIV+ individuals, regardless of cART,
had lower ratios of N-acetyl aspartate (NAA) levels to creatine (Cr), and of choline
(Cho) to Cr, compared to healthy subjects [10]. Higher ratio levels of myo-inositol
(ml) to Cr were also observed among HIV+ patients compared to healthy controls.
Furthermore, there were no significant differences in brain metabolite ratios
between HIV+ patients on cART and those not, which may imply that antiretroviral
drugs are unable to abate neurodegeneration and HAND development in HIV+
patients. A longitudinal study of chronically-infected HIV patients also reported
significant annual metabolite decreases in several brain regions despite patients
being on ART for at least 12 weeks [11].

In the HIV population, cerebral metabolites are not only associated with
volumetric changes but also with inflammation and neurocognitive performance.
NAA/Cr and ml/Cr ratio levels were correlated with multiple cerebrospinal fluid
(CSF) inflammatory markers, including IP-10, MCP-1, and IL-8 [12]. These

chemokines are involved in the recruitment of immune cells including monocytes
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and macrophages, leukocyte, and neutrophils, some of which have already been
implicated in HAND pathogenesis [4, 13, 14]. Multiple metabolite ratios and
concentrations, including NAA/Cr, glutamate (Glu)/Cr, total NAA (NAA & N-acetyl
aspartyl glutamate), and scyllo-inositol (sl), were correlated with
neuropsychological domains, such as gross motor speed, executive function,
language, and more, among HIV+ patients [15, 16].

sl is a lesser-known metabolite that is a stereoisomer of ml, and it could
play a potential role in the treatment of Alzheimer’s disease (AD) [17]. In vitro
studies demonstrated sl stabilizing amyloid-beta 42 (AB42), a protein involved in
the pathogenesis of AD, and that stabilization was associated with extended cell
survival [18]. An in vivo study using a transgenic mouse model of AD discovered
reduced AB40 and AB42 concentrations when sl was used as a prophylactic and
therapeutic treatment [19]. Additionally, sl reversed behavioral deficits as mice
treated with sl had improved memory skills compared to untreated mice. This is
significant as Alzheimer’s disease is typically not diagnosed until after behavioral
deficits occur.

Given the evidence from pre-clinical trials, sl was a promising treatment for
AD. However, clinical trials involving sl ended after a phase 2 clinical study found
“insufficient evidence to support or refute the benefit of” sl [20]. There was no
significant difference in the primary endpoints of the study (Neuropsychological
Test Battery (NTB) and Alzheimer’s Disease Cooperative Study-Activities of Daily
Living (ADCS-ADL)) between the treatment and placebo groups. Additionally, the

treatment group had increased brain ventricular volume and sl concentrations in
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both the CSF and the brain. Interestingly though, AB42 concentrations were
reduced in the CSF compared to the placebo group.

The role of scyllo-inositol (sl) in HIV has rarely been examined. One study
of cerebral metabolite levels found elevated levels of sl in HIV-infected youth
compared to age-matched HIV-negative controls [21]. To our knowledge, no
published study has examined sl in HIV-infected adults.

2.2 Objective and Hypothesis

The objective of this study is to identify cross-sectional relationships among
brain regional volumes and metabolite levels, particularly sl, peripheral
inflammatory markers, and neuropsychological (NP) test performance using
neuroimaging data and blood samples from two existing studies of chronically-
infected HIV individuals on combination antiretroviral therapy (CART) and
diagnosed with mild-to-moderate NP impairment [Pl: Cecilia Shikuma]. The
studies examined the effects of the drugs Cenicriviroc (CVC) and Maraviroc (MVC)
on neurocognitive impairment in HIV. CVC is a CCR2 and CCR5 antagonist while
MVC is solely a CCR5 antagonist. The two studies had identical imaging protocols
and inclusion/exclusion criteria, so the baseline data was combined for cross-
sectional analyses. Changes in cerebral metabolites before and after initiation of
CVC or MVC will also be assessed.

It is hypothesized that smaller regional brain volumes will be associated with
lower sl levels as higher sl concentrations have been correlated with better
neurocognitive function [15]. Regional volumes and metabolites are expected to

correlate with markers of inflammation and monocyte activation as seen in
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previous research [12, 13, 22]. In terms of metabolite changes over time, we
hypothesize that sl levels will increase in HIV+ individuals on CVC and also among
MVC-treated HIV patients compared to those on placebo.

2.3 Significance and Innovation

Due to previous investigations of sl as a therapeutic agent for mild
Alzheimer's disease [23] and the recent finding that sl correlates with
neurocognitive performance in HIV-infected persons [15], s| may be a potential
target for preventing the development of HAND and for improving brain health and
neuropsychological performance among HIV+ individuals.

This study is innovative as it 1) investigates the cross-sectional associations
between sl and regional brain volumes in chronic HIV patients; 2) examines the
cross-sectional associations between sl and inflammatory markers; and 3) is the
first longitudinal analysis of sl in chronic HIV patients.

The formation of amyloid plagues in the brain is related to AD as the plaques
can impair synaptic plasticity and cause synaptic loss [24]. sl can inhibit and
interfere with the formation of amyloid plaques, which made sl a potential
therapeutic agent for patients with mild AD [23]. Should this compound have the
ability to alleviate cognitive impairment, it may be a possible treatment option for
preventing the development of HAND in chronically-infected HIV patients as sl can
cross the blood-brain barrier and has been correlated with NP test scores in HIV
[15, 20]. Additionally, it may ameliorate the neurotoxic effects caused by certain

CART drugs as sl has been shown to neutralize neurotoxicity in AD [22, 25].
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Previous research reported relationships between cerebral metabolite
levels and inflammatory markers [12], but no study has examined the association
between sl and inflammatory markers. Because 1) inflammation plays a large role
in the development of HAND, and 2) sl may possess therapeutic properties,
determining the relationship between the two may elucidate a mechanism for
HAND development in chronically-infected HIV people.

To our knowledge, only two longitudinal studies have examined cerebral
metabolites in chronic HIV disease [11, 26]. Our research would add to the
literature in two ways: first, sl, a cerebral metabolite that was not previously
examined, will be analyzed longitudinally; and second, we will observe the effects
of CVC and MVC treatment on sl and other cerebral metabolites.

2.4 Specific Aims

i. Specific Aim 1

Determine the cross-sectional associations of regional brain volumes affected by
HIV with: 1) sl and other brain metabolite levels; 2) NP test performance; and 3)
peripheral blood inflammatory markers (e.g., sCD14, sCD163, neopterin, TNF-q,
and MCP-1) in chronically HIV-infected individuals.

ii. Specific Aim 2

Determine changes in sl and other brain metabolites after: i) 24 weeks of CVC,

and ii) 48 weeks of MVC treatment as compared to a placebo group.
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Chapter lll. Scyllo-inositol and other brain metabolites in relation to regional brain
volumes, cognition, and inflammatory markers
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Abstract

HIV-associated neurocognitive disorders (HAND) are a manifestation of
neuropsychological (NP) impairment. Brain atrophy that exceeds normal age-related
volumetric loss has been observed in HIV patients with NP impairment, and cerebral
metabolites have been associated with reduced regional brain volumes and cognitive
impairment. Low levels of scyllo-inositol (sl) were recently found to be related to NP
impairment in a cohort of HIV patients with mild-to-moderate cognitive impairment. sl has
not been extensively studied in the HIV population, so its role in HIV infection and
cognitive impairment is unknown. To elucidate the potential roles of sl and other cerebral
metabolites in cognitive impairment, we examined associations between metabolites,
regional brain volumes, NP performance, and inflammatory markers in HIV+ individuals
on combination antiretroviral therapy (CART) who had mild-to-moderate cognitive
impairment. We also examined changes in cerebral metabolites among HIV patients
before and after initiation of Cenicriviroc (CVC) or Maraviroc (MVC).

Magnetic resonance imaging (MRI) was used to obtain T1-weighted scans, which
were processed using FreeSurfer (version 6.0) to obtain regional brain volumes and total
intracranial volume (ICV) of HIV+ participants (N=30) from the CVC and Maraviroc MVC
studies from the Hawai‘i Center for AIDS. Single-voxel magnetic resonance spectroscopy
(MRS) and magnetic resonance spectroscopy imaging (MRSI) at 3T was used to
measure brain metabolites. Participants underwent NP tests in multiple domains. Immune
and inflammatory markers were measured by multi-parametric flow cytometry.
Multivariable regression models, Pearson and Spearman correlations, Wilcoxon signed-

ranked tests, and Mann-Whitney tests were performed using SPSS (versions 26 and 27).

29



There were many significant associations and correlations between cerebral
metabolites, regional brain volumes, NP domains, and inflammatory markers. Choline
concentrations increased among patients treated with CVC. HIV patients in the MVC
treatment group vs. the placebo group had higher mean differences in GABA and choline.

Our study identified multiple associations between cerebral metabolites and
regional brain volumes, including sl being positively associated with the putamen,
cerebellar cortex and white matter, and the brain stem. This metabolite should be studied
further as it could play a role in improving brain health and neurocognitive performance

among HIV+ individuals.
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Background

Human immunodeficiency virus (HIV) disease has been a public health issue since
the 1980s [1]. While there have been critical developments in the fight against HIV, such
as antiretroviral therapy (ART) and pre-exposure prophylaxis (PrEP), challenges remain,
including the adverse impact of HIV on the central nervous system (CNS) and the
development of HV-associated neurocognitive disorders (HAND) [2-5].

HAND is a manifestation of cognitive, behavioral, motor, and autonomous
impairment [6]. It can be categorized into three types: 1) HIV-1-associated asymptomatic
neurocognitive impairment (ANI), 2) HIV-1-associated mild neurocognitive disorder
(MND), and 3) HIV-1-associated dementia (HAD). Various neuropsychological (NP)
domains may be affected, including verbal/language, attention/working memory,
executive function, information processing, and motor skills.

HAND pathogenesis is not fully understood, but several theories about HIV entry
into the CNS have been proposed. The first is the “Trojan Horse” theory, which suggests
HIV enters the CNS through an infected monocyte, CD4+ T lymphocyte, or epithelial cell
[7, 8]. Another theory postulates that HIV proteins, such as Tat, can alter the blood-brain
barrier (BBB) to allow HIV entry [8]. BBB permeability may also increase due to an
amplified immune response led by elevated levels of proinflammatory cytokines. The
increased permeability may allow HIV to pass the BBB by transcytosis using the viral
protein gp120.

Following CNS infiltration by HIV, which can occur within the first weeks of
infection, resident cells in the brain, including microglia, macrophages, astrocytes, and

oligodendrocytes, can be infected by the virus [8-10]. While neurons are typically not
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infected, they are impacted by the infection through increased inflammation and
production of neurotoxins, resulting in neurodegeneration and chronic immune activation.
Both of these processes can result in brain volumetric changes among HIV patients.
Previous literature describes evidence of brain structural changes and atrophy in
chronically-infected HIV individuals. Rapid average rates of atrophy in the cerebellum,
caudate, frontal lobe, total cortical gray matter, brain stem, and pallidum were observed
in HIV participants compared to HIV-negative controls [11]. Another study reported
significant brain atrophy in the subcortical regions of HIV-infected individuals [12].
Additionally, atrophy was associated with disease severity, which was measured by nadir
and baseline CD4+ count and baseline plasma HIV RNA concentration. Due to the
mounting evidence of accelerated brain tissue loss in HIV-infected patients, determining
protective correlates to slow brain atrophy and HAND is essential.

Cerebral metabolites, such as N-acetyl aspartate (NAA), glutamate & glutamine
(GIx), and myo-inositol (ml), are related to regional brain volumes and neurocognitive
performance among patients suffering from various neurological diseases, including
Alzheimer's Disease (AD), Parkinson’s disease, multiple sclerosis, stroke, hepatic
encephalopathy, and other neurodegenerative illnesses [13-22]. Metabolites can be
markers of and reflect various neurological functions. For example, low levels of NAA and
GlIx are indicators of neuronal injury or dysfunction, while ml is correlated with glial
proliferation and inflammation [23-26].

Cerebral metabolite levels differ between HIV-infected persons and healthy
controls. Specifically, HIV+ individuals, regardless of cART, had lower levels of

NAA/Creatine (Cr) and Choline (Cho)/Cr compared to healthy subjects [24]. Higher levels
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of ml/Cr were also observed among HIV+ patients compared to healthy subjects.
Furthermore, there was no significant difference in metabolite ratios between the two
groups of chronically-infected HIV patients, which may imply that antiretroviral drugs are
unable to abate neurodegeneration and HAND development in HIV+ patients.

A two-year longitudinal study examining metabolite levels in chronically-infected
HIV patients on stable cART observed significant annual metabolite decreases in the
midfrontal cortex (MFC), frontal white matter (FWM), and basal ganglia (BG) [27]. NAA
and Cho decreased by at least 2.50% in FWM, while NAA, Cr, Cho, and GIx decreased
by at least 1.50% in the MFC, with GIx decreasing 6.05% annually. GIx was reduced by
2.80% in the basal ganglia. Cognitive decline was associated with lower Glix levels in the
FWM and BG as well as decreased NAA in BG, suggesting that changes in these
metabolites may contribute to HAND.

Cerebral metabolites are correlated with numerous functions and structures within
the human body. Of particular importance, certain metabolites were associated with
immune activation and inflammation, regional brain volumes, and neurocognitive
performance among the HIV population. NAA/Cr levels were negatively correlated with
IP-10 and MCP-1, while ml/Cr levels were positively correlated with IP-10 and IL-8 [28].
Another study discovered that Cho and ml correlated with MCP-1, while Cr levels were
correlated with both MCP-1 and IP-10 levels [29]. These chemokines are involved in the
recruitment of immune cells including monocytes and macrophages, leukocytes, and
neutrophils, and some of these cells have already been implicated in the pathogenesis of

HAND [7, 10, 30].
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Among HIV-infected patients, low levels of NAA and GIx were correlated with
reduced regional brain volumes, including cortical, hippocampal, and frontal and parietal
volumes as well as gray matter [13]. Another study supported this result after observing
NAA, Glx, Cr, Cho, and ml levels being correlated with regional brain volumes [17].

Neurocognitive performance is correlated with cerebral metabolites in HIV+
individuals. NAA/Cr and GIlu/Cr levels were positively correlated with verbal and motor
skills as well as information processing [26]. Similar results were observed among
chronically-infected HIV patients with mild-to-moderate cognitive impairment. Total NAA
levels were positively correlated with test performance in executive, visuospatial,
language, and global NP domains [31]. Additionally, scyllo-inositol (sl) levels were
positively associated with psychomotor, language, motor, and global NP functioning.

Scyllo-inositol (sl) is a lesser-known brain metabolite that is a stereocisomer of myo-
inositol (ml) and naturally occurs in the brain [32]. In healthy adults, higher concentrations
of sl and ml are seen with increasing age, and sl and ml levels are correlated with each
other [32]. In adults with mild AD, sl/Cr levels were higher compared to healthy adults
[15]. Despite the elevated levels in AD patients, sl may be a therapeutic agent for AD as
seen in in vitro and in vivo studies.

sl stabilized amyloid-beta 42 (AB42), a protein implicated in the pathogenesis of
AD, in vitro [33]. This stabilization resulted in reduced A fibrils and extended cell survival
in NGF-differentiated PC-12 cells. An in vivo study using a transgenic mouse model of
AD, TgCRNDS8 mice, discovered decreased Ap40 and AB42 concentrations when sl was
used as a prophylactic and therapeutic treatment [34]. sl attenuated certain pathological

features of AD including vascular burden by AR plaques and astroglial and microglial
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reactions. sl also reversed behavioral deficits as transgenic mice treated with sl had
improved memory skills compared to untreated transgenic mice. This is significant as AD
is typically not diagnosed until after behavioral deficits occur.

Given the evidence from pre-clinical trials, sl appeared to be a promising treatment
for AD and quickly moved into clinical trials. However, the clinical trials ended with a phase
2 clinical study when investigators found “insufficient evidence to support or refute a
benefit of” sl [35]. There was no significant difference in the primary endpoints of the study
(Neuropsychological Test Battery (NTB) and Alzheimer’'s Disease Cooperative Study-
Activities of Daily Living (ADCS-ADL)) between the treatment and placebo groups. The
treatment group also had increased brain ventricular volume and sl concentrations in both
the CSF and the brain. Interestingly enough, CSF AB42 concentrations were reduced in
the treatment group compared to the placebo group.

The role of scyllo-inositol (sl) in HIV has rarely been examined. One study
investigating cerebral metabolite levels found elevated levels of sl in HIV-infected youth
compared to age-matched HIV-negative controls [36]. Specifically, the HIV+ participants
exhibited higher sI/Cr and sl/Cho ratios in the right frontal lobe. To our knowledge, no
published study has examined sl in HIV-infected adults. Due to previous investigations of
scyllo-inositol (sl) as a therapeutic agent for mild Alzheimer’s disease [37] and the recent
finding of sl correlating with neurocognitive performance in HIV-infected persons [31], it
could be a potential target for preventing HAND and improving brain health and
neuropsychological performance among HIV+ individuals.

The objective of this study is to identify cross-sectional relationships among brain

regional volumes and metabolite levels (particularly sl), peripheral inflammatory markers,
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and neuropsychological (NP) performance using neuroimaging data and blood samples
from two existing studies of chronically infected HIV individuals on combination
antiretroviral therapy (cART) and diagnosed with mild-to-moderate NP impairment.
Changes in cerebral metabolites before and after initiation of CVC or MVC were also
assessed. It is hypothesized that smaller regional brain volumes will be associated with
lower sl levels. Regional volumes and metabolites will also be correlated with markers of
inflammation and monocyte activation. In terms of metabolites changes over time, it is
hypothesized that sl levels will increase in HIV+ individuals on CVC and also among

MVC-treated HIV patients compared to those on placebo.

Materials and Methods

Cenicriviroc and Maraviroc study design

The proposed study involves data for participants from two studies conducted by
the Hawai‘i Center for AIDS (HICFA) (PI: Cecilia Shikuma). These studies investigated
(separately) the effects of the drugs Cenicriviroc (CVC), a CCR2 and CCR5 antagonist,
and Maraviroc (MVC), a CCR5 antagonist. Participants from both studies were HIV-
infected individuals on cART who were diagnosed with mild-to-moderate NP impairment.
Subjects adhered to one of the following protocols: 1) participants were administered CVC
for a total duration of 24 weeks; or 2) subjects were randomized to either an MVC
treatment (N=13) or placebo (N=6) group for a total duration of 48 weeks. For both
studies, participants remained on their current HAART regimen, and the CVC/MVC
regimen was adjusted for interactions with concomitant medications. Standard HICFA
procedures were utilized for recruitment [38]. Informed consent was obtained from all

study participants.
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In the current study, we analyzed the subset of CVC and MVC study participants
who underwent brain imaging (total N=30; 8 CVC and 22 MVC). Of the 22 MVC study
participants, three did not have follow-up scans and are excluded from longitudinal
analyses. The two parent studies had identical imaging protocols and inclusion/exclusion
criteria, so baseline data were combined for cross-sectional analyses. Standard clinical
tests and NP testing were performed for all participants. To be included in the studies,
participants needed to be between the age of 18 and 70 years old, possess the ability to
provide written informed consent, have been on stable cART for at least 1 year, have
plasma HIV RNA < 50 copies/mL within 3 months prior to study entry, and have their HIV
diagnosis verified by an FDA approved test. Exclusion criteria included any factors
precluding the participant’s ability to undergo MRI (claustrophobia, etc.), current use or
abuse of illicit substances or alcohol which the investigator believed would hinder the
participant’s ability to comply with protocol requirements, a positive Hepatitis C viral load,
history of loss of consciousness for any duration, pregnancy or breast-feeding, and any
past or present condition (CNS infection, stroke, etc.) known to affect cognition.
Neuroimaging

Magnetic resonance imaging (MRI), magnetic resonance spectroscopy (MRS),
and magnetic resonance spectroscopy imaging (MRSI) data were acquired on a 3.0-
Tesla Philips Achieva machine with an 8-channel head coil (InVision Imaging, Honolulu).
Magnetic Resonance Imaging (MRI)

MRI examines the location and interaction of hydrogen atoms throughout the body
to produce images of human tissue [39]. For each subject, a high-resolution anatomical

T1-weighted scan was performed. T1 data were acquired with a sagittal T1-weighted 3D
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turbo field echo (T1W 3D TFE) sequence (TR/TE=6.7 ms/3.1ms; flip angle 8°; slice
thickness 1.2 mm; no gap; in-plane resolution 1.0 mm2; field of view 256x256 mm2; scan
time =10.2 min).

Magnetic Resonance Spectroscopy (MRS)

MRS is one method of measuring metabolites in human tissue [39, 40]. It discerns
and analyzes the molecules to which hydrogen atoms are attached. Single-voxel 1H-MRS
measures the signal within a region of interest (ROI) while suppressing the signal outside
the ROI [39]. MRS data on 26 metabolites were obtained in left frontal white matter (FWM)
and basal ganglia (BG) using a PRESS sequence with TE/TR = 35/2000 ms. Of the 26
metabolites measured, only 10 were examined here: aspartate (Asp), gamma-
aminobutyric acid (GABA), glutamine (GIn), glutamate (Glu), myo-inositol (ml), scyllo-
inositol (sl), total choline (tCho), total N-acetyl aspartate (tNAA), glutamine & glutamate
combined (GIx), and total creatine (tCr).

Asp is an amino acid investigated in several neurological and psychiatric disorders,
including AD, Parkinson’s disease, schizophrenia, and multiple sclerosis [41, 42]. Asp
treatment resulted in attenuated demyelination and enhanced remyelination in a mouse
model [43]. Asp also increased synaptic plasticity when used as a therapeutic agent for
multiple sclerosis patients [42].

GABA is an inhibitory neurotransmitter that has been implicated in seizures as well
as anxiety and schizophrenia [44]. Decreased levels of GABA are abnormal as it is
associated with Huntington’s chorea, Parkinson’s disease, AD, and psychiatric disorders

(e.g., anxiety, depression, etc.) [45].
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GIn and Glu are very similar as they participate in the glutamate-glutamine cycle,
which terminates the action of the excitatory neurotransmitter Glu by converting it to Gin
[46]. Dysfunction of the glutamate-glutamine cycle may contribute to the pathogenesis of
AD as neurons are “excited to death” by Glu. The combination of GIn and Glu, or Glx, is
a marker of brain metabolism and neuronal health [23, 25].

ml is the most abundant inositol in the body, making up almost 90% of inositol
concentration [32]. Not only is it a marker of glial cells but also immune activation in the
CNS as higher ml levels is typically associated with chronic immune activation [29, 47].
ml is a stereoisomer of sl, and previous research observed a positive correlation between
to the two [32], which may imply a role for ml in immune activation as well.

Choline is a marker of cellular proliferation and cell membrane turnover in the brain
[23, 25]. It is unclear if reduced or elevated levels are abnormal as both were reported
among various neurological disease.

Creatine reflects metabolic processes and is typically used as an internal reference
for metabolites [23, 25]. Reduced levels of creatine are associated with developmental
delays, seizures, and movement disorders as noted in patients born with
guanidinoacetate-methyltransferase (GAMT) deficiency [48].

NAA is the highest metabolite peak in the normal brain, and it is only found in the
CNS [23, 25]. It is a marker of neuronal health, so absence or low levels of NAA typically
imply neuronal loss or degradation.

Magnetic Resonance Spectroscopy Imaging (MRSI)
MRSI is another approach for determining metabolite concentrations in the human

body and measures spectra across multiple slices/volumes simultaneously [39, 40]. Data
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were collected in 3 axial slices from the level of the third ventricle to the vertex (field of
view = 230 x 172.5 mm2; slice matrix = 32 x 24 with reduced (circular) k-space sampling;
SENSE factor = 2.25 (1.5 (LR) % 1.5 (AP)); slice thickness = 15 mm; slice gap = 2.5 mm,;
echo time = 140 ms; repetition time = 3.2 s; sample bandwidth = 2000 Hz; sample points
= 512; 1 transient, acquisition time = 15m 44s). Metabolite concentrations obtained by
MRSI include NAA/Cr, NAA/Cho, and Cho/Cr. Only NAA/Cr and NAA/Cho were examined
for this study.
Structural MRI data post-processing

T1-weighted scans were processed at the HICFA using FreeSurfer (version 6.0,
http://www.nmr.mgh.harvard.edu/freesurfer) as described in the literature [49-58]. The
procedure includes skull-stripping, intensity normalization, Talairach transformation,
segmentation of subcortical white matter (WM) and deep gray matter, and reconstruction
of the cortical gray/white matter boundary and pial surface. The distance between the pial
and WM surfaces provides an estimate of cortical thickness at each tessellation vertex, a
method that was validated by manual measurement [59, 60]. Quality assurance of
FreeSurfer output was performed by visual inspection, and cortical surfaces and
subcortical segmentations were checked prior to statistical analysis. Brain regional
volumes, including the hippocampus, caudate, putamen, pallidum, thalamus, amygdala,
cerebellum (white matter and cortex), nucleus accumbens, brain stem, corpus callosum,
lateral ventricle, and inferior lateral ventricle, and total intracranial volume (ICV) were
obtained. These brain regions were examined as they are impacted by HIV or are markers
of brain atrophy. The hippocampus is one of the regions with the highest concentrations

of HIV during acute HIV infection, and smaller volumes were related to low CD4 counts
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in HIV patients [61, 62]. The caudate, putamen, pallidum, and nucleus accumbens make
up the basal ganglia, which is an early target of HIV infection [63, 64]. Reduced thalamus,
amygdala, and corpus callosum volumes were reported among HIV+ participants [65, 66].
Cerebellar and brain stem atrophy were observed in HIV patients exhibiting ataxia [67].
Lateral ventricular and inferior lateral ventricular expansion are both associated with brain
atrophy [68, 69]. FreeSurfer’s estimate of ICV has shown to be a reliable measure for
regional volume normalization [70].
MRS and MRSI post-processing

MR spectroscopy data were processed at the laboratory of Dr. Peter Barker at the
Johns Hopkins University School of Medicine. Concentrations and concentration ratios
over total creatine (tCr) were obtained in left FWM and BG for multiple metabolites
(including sl) using ‘LCModel’ analysis of single-voxel 1H-MRS data. In MRSI data,
residual water and lipid signals were removed from the frequency domain [71]. Peak
areas of NAA, Cr, and Cho were measured with Gaussian-line fitting to the individual
spectra. Metabolite ratio maps of NAA/Cr, NAA/Cho, and Cho/Cr were obtained for each
participant. Image registration was carried out first from the temple (including 31 defined
brain regions) to the 3D T1-weighted image and then to the 3-slice localizer image of
each participant [72]. Metabolite maps were interpolated to match the corresponding
atlases for each individual, and the middle-slice maps which commonly cover 19 of the

31 brain regions selected for further analysis.
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Neuropsychological testing and peripheral blood inflammatory markers
Clinical testing

Study visits took place at the research clinic at the John A. Burns School of
Medicine. Blood processing and banking were done by the Research Processing
Laboratory. Blood draws for HIV RNA, CD4 count, CBC and chemistries were done
according to the schedule of events for each study and forwarded to Diagnostic
Laboratory Services (DLS) Inc., a CLIA-approved, CAP-certified laboratory in Hawaii.
Research bloods were processed and banked per HICFA processing lab standard
operating procedures.
Neuropsychological (NP) testing

Participants underwent NP tests in the following domains: attention, language,
learning and memory, executive function, working memory, gross and psychomotor
speed, visuospatial, and global function.
Peripheral blood inflammatory markers

Immune and inflammatory markers were measured by multi-parametric flow
cytometry, which utilized a panel of conjugated fluorescent antibodies developed by Dr.
Lishomwa Ndhlovu.
Statistical analyses

To ensure good MRS data quality, upper limits of ~20 for large peaks
(corresponding to more abundant metabolites) and 50-100 for smaller peaks were
imposed on Cramér—Rao Lower Bounds (CRLB) in statistical analyses of single-voxel
MRS data (i.e., metabolite concentrations and concentration ratios over creatine). CRLB

values for each metabolite are as follows: 100 for Asp; 50 for GABA, GIn, and sl; and 20
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for Glu, ml, tCho, tNAA, Glx, and tCr. Bivariate correlations were not examined for N<10,
and regression models were not applied for N<20. These analyses are exploratory and
were not corrected for multiple comparisons. MRSI-derived NAA/Cr and NAA/Cho values
were examined as well. Standardized global and domain-specific NP z-scores, computed
from raw NP test scores using age- and education-specific normative data, were used.

Associations involving regional brain volumes were investigated using multiple
linear regression models where regional brain volumes are the outcomes and metabolite
levels, NP z-scores, and inflammatory markers are independent variables. Each of these
independent variables were analyzed in separate models. All regression analyses
controlled for intracranial volume (ICV). Age and clinical variables (e.g., nadir CD4 count)
were examined as possible confounders, although adjustments were limited by the small
N. Histograms of the standardized residuals were visually checked for normality, and plots
of standardized residuals examined to ensure that the residuals are normally distributed
around the regression line.

Relationships among metabolite levels, inflammatory markers and NP z-scores
were assessed by Pearson or Spearman correlation, as appropriate. Shapiro-Wilk tests
were conducted to assess the normality of the variable distributions.

Analyses were conducted separately to determine changes in sl and other brain
metabolites after CVC or MVC treatment. For the former, the significance of brain
metabolite changes from baseline (pre-treatment) to 24 weeks post-treatment were
assessed using a Wilcoxon signed-rank test. For MVC study participants, the percent
changes in brain metabolite levels from baseline to 48 weeks were compared between

the MVC treatment group and the placebo group by a Mann-Whitney test.
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All analyses were performed using SPSS (version 26 and 27).

Results
Baseline characteristics
Baseline characteristics of study participants are given in Table 1. The majority of
patients were male (87%) and almost all had plasma HIV RNA below 20 copies/mL
(90%). The median CD4 count at time of intake was 594 cells/mm?, and median nadir
CD4 count was 165 cells/mm?.
Scyllo-inositol is associated with putamen, brain stem, and cerebellar volumes
Concentrations of several metabolites measured in the frontal white matter (FWM)
were associated with multiple regional brain volumes (Table 2A). Higher concentrations
of sl were related to higher regional brain volumes in the putamen and the cerebellar
cortex whereas higher levels of sl/tCr were associated with cerebellar white matter and
the brain stem. Other significant associations include:
e Positive correlations of Asp and Asp/tCr with volumes of the hippocampus and
caudate.
e tNAA negatively correlated with the caudate but was positively associated with the
cerebellar white matter and lateral ventricular volumes.
The corpus callosum was not associated with any FWM metabolites.
Concentrations of GABA, GABA/Cr, Glu, GIu/Cr, tNAA, and GIx were not related to any

regional brain volumes.
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Multiple basal ganglia metabolites are associated with the cerebellar cortex

There were fewer relationships between BG metabolites and regional brain
volumes compared to FWM metabolites and regional brain volumes (Table 2B). After
applying CRLBs, the sample sizes for Asp, ml, and sl were too small to run regression
models. GABA, GABA/tCr, and tNAA were positively correlated with the cerebellar cortex
volume. On the other hand, GIn/tCr and GIx/tCr were negatively associated with the
cerebellar cortex. Concentrations of tNAA/tCr levels positively correlated with the lateral
ventricular volume and inferior lateral ventricle.

The caudate, putamen, pallidum, thalamus, amygdala, nucleus accumbens, and
corpus callosum were not associated with any BG metabolites. GIn, Glu/tCr, tCho, and
tCho/tCr concentrations and ratios were not related to regional brain volumes.

NAA/Cr measured by MRSI is associated with multiple regional brain volumes

Average NAA/Cr levels in several regions of the brain correlated with regional brain
volumes (Table 3A). NAA/Cr in the right basal ganglia was negatively associated with the
corpus callosum whereas NAA/Cr measured in the right frontal lobe was positively
correlated with the putamen. NAA/Cr concentration ratios in the left insula correlated with
the brain stem. NAA/Cr concentrations from the right internal capsule was negatively
correlated with the cerebellar cortex. NAA/Cr from the right parietal were positively
associated with the brain stem. On the other hand, NAA/Cr concentrations from the left
temporal were positively correlated with the cerebellar white matter. Concentrations of
NAA/Cr from both the left and right thalamus positively correlated with the lateral
ventricular volume. Additionally, NAA/Cr levels from the right thalamus was negatively

associated with the hippocampus.
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The caudate, pallidum, thalamus, amygdala, nucleus accumbens, and inferior
lateral ventricle were not associated with NAA/Cr levels as measured by MRSI. NAA/Cr
from the left basal ganglia, left and right cingulum, left frontal, left insula, left and right
occipital, left parietal, and right temporal did not correlate with any regional brain volumes.
NAA/Cho measured by MRSI is associated with few regional brain volumes

There were fewer relationships between NAA/Cho levels and regional brain
volumes compared to NAA/Cr levels and regional brain volumes (Table 3B). NAA/Cho
concentrations from the left insula region were positively correlated with the brain stem.
Concentrations of NAA/Cho from the right occipital region were positively correlated with
the lateral ventricular volume. NAA/Cho levels from the right thalamus are negatively
associated with the cerebellum cortex.

The hippocampus, caudate, putamen, pallidum, thalamus, amygdala, nucleus
accumbens, corpus callosum, and inferior lateral ventricle were not associated with
NAA/Cho levels as measured by MRSI. NAA/Cho from the left and right basal ganglia,
left and right cingulum, left and right frontal, right insula, right internal capsule, left
occipital, left and right parietal, left and right temporal, and left thalamus regions did not
correlation with any regional brain volumes.

Frontal white matter myo-inositol is associated with CD14, TNF-a, and neopterin

The majority of FWM metabolites were not associated with any of the inflammatory
markers, but there were a few significant relationships (Figure 1). ml was positively
correlated with multiple inflammatory markers, including CD14, TNF-a, and neopterin
whereas ml/tCr was only associated with CD14. tCho and tNAA concentrations were both

positively correlated with TNF-a.
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MCP-1 and CD163 were not associated with any cerebral metabolites. sl was not
associated with any inflammatory markers.

Basal ganglia glutamine is associated with TNF-a, CD163, and neopterin

Similar to the FWM metabolites, the majority of BG metabolites did not correlate
with any inflammatory markers. Several metabolites were associated with inflammatory
markers, including GiIn, GIn/tCr, ml, tNAA, tNAA/ICr, and GIx/tCr (Figure 2). Gin
concentrations were negatively correlated with TNF-a and neopterin whereas GIn/tCr
were negatively associated with CD163 and neopterin. Similar to FWM ml concentrations,
BG ml levels were positively correlated with TNF-a. Both tNAA and tNAA/Cr
concentrations were positively associated with CD14. GIx/tCr concentrations were
negatively correlated with MCP-1.

After applying Cramér—Rao Lower Bounds (CRLB), the sample sizes for Asp,
Asp/tCr, sl, and sl/tCr were too small to run bivariate correlations. The rest of the cerebral
metabolites were not associated with any inflammatory markers.

Metabolites measured by MRSI are associated with CD163 and neopterin

Almost all metabolites measured by MRSI were not correlated with any
inflammatory markers (Figure 3). NAA/Cr concentrations from the right occipital region
were positively correlated with CD163 while NAA/Cho was negatively associated with
neopterin.

Almost all NP domains are associated with multiple regional brain volumes

All neuropsychological domains except for learning memory and working memory

were associated with at least one regional brain volume (Table 4). Attention was positively

correlated with the nucleus accumbens volume. Executive function was associated with
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two regions: the hippocampus and the cerebellum white matter. Language was only
associated with the cerebellum white matter. Gross motor ability correlated with eight
regions, including the hippocampus, caudate, putamen, pallidum, thalamus, cerebellum
cortex, nucleus accumbens, and lateral ventricular volume. Psychomotor speed was also
associated with eight regional brain volumes, including the hippocampus, putamen,
pallidum, thalamus, amygdala, cerebellum cortex and white matter, and brain stem. The
visuospatial domain was only correlated with the inferior lateral ventricle. Lastly the global
domain, which was based on 20 tests, was positively associated with the hippocampus,
cerebellum cortex, and the nucleus accumbens.
Language skills are associated with CD14 concentrations

Only one NP domain was associated with an inflammatory marker: the language
domain positively correlated with CD14 concentrations (Figure 4). All other NP domains
did not correlate with inflammatory markers.
CD14, MCP-1, and neopterin are associated with multiple regional brain volumes

Of the five inflammatory markers measured, only three were associated with
regional brain volumes (Table 5). CD14 positively correlated with volumes of the
cerebellum white matter, lateral ventricles, and inferior lateral ventricle. MCP-1 was
related to the caudate and nucleus accumbens volumes. Lastly, neopterin was positively
associated with the inferior lateral ventricular volume.
Frontal white matter total choline increased after 24 weeks of CVC treatment

tCho was the only FWM metabolite to change significantly after 24 weeks of CVC

treatment (Figure 5). tCho increased after 24 weeks of CVC treatment from a mean value
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of 1.8 at baseline to 1.9 by the end of the study. All other FWM metabolites, including sl,
did not show any significant changes.

None of the BG metabolites significantly changed after 24 weeks of CVC
treatment. After applying Cramér—Rao Lower Bounds (CRLB), the sample size for sl and
sl/tCr was zero.

No metabolite changes after 48 weeks of MVC treatment

Changes in FWM and BG metabolites, including sl, were not observed in patients
after 48 weeks of MVC treatment. No changes were also noted in the placebo group.
After applying Cramér—Rao Lower Bounds (CRLB), the sample size for BG sl and sl/tCr
was zero.

MVC treatment participants had greater positive percent changes compared to
the placebo group

Patients assigned to the MVC treatment group experienced greater positive
percent changes than the placebo group in FWM GABA/tCr, BG tCho and tCho/tCr, and
BG GIu/tCr (Figure 6). The greatest percent change was for relative levels of glutamate
with an 11.5% increase in metabolite levels. All other FWM and BG metabolite
differences, including sl, did not differ significantly between the two groups. After applying

Cramér—Rao Lower Bounds (CRLB), the sample size for BG sl and sl/tCr was zero.

Discussion
The objective of this study was to identify cross-sectional relationships among
brain regional volumes and cerebral metabolites, peripheral inflammatory markers, and

neuropsychological (NP) performance among chronically infected HIV individuals on
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combination antiretroviral therapy (CART) and diagnosed with mild-to-moderate NP
impairment. Changes in metabolites were also assessed before and after initiation of CVC
or MVC.

Our hypothesis was correct concerning sl, as higher concentrations of absolute sl
in FWM were associated with greater putamen and cerebellar volumes whereas relative
sl levels were related to increased cerebellar white matter and brain stem volume. The
finding concerning the putamen is interesting as research has identified this region as
one of the earliest targets of HIV infection, with reduced putamen volumes observed
during primary and acute HIV infections [62, 73]. Additionally, researchers have reported
atrophy in the cerebellum and brain stem among a cohort of HIV-infected individuals [67].
Other notable associations include absolute and relative Asp levels being correlated with
hippocampal and caudate volumes and associations between relative concentrations of
tNAA and caudate volume, lateral ventricular volume, and cerebellar white matter. The
positive associations between Asp and hippocampal and caudate volumes are
remarkable as these results support research observing reduced Asp levels being
associated with neurological diseases [41]. Furthermore, Asp concentrations were
associated with the hippocampus, which, similar to the putamen, is one of the first regions
of the brain to be infected by HIV [62]. To our knowledge, this is the first study to examine
Asp in the HIV population. The negative association between tNAA and caudate volume
as well as the positive association between tNAA and the lateral ventricular volume is
unexpected. One possible explanation for this is that the enzyme that typically catabolizes
NAA, deacetylase enzyme aspartoacylase, is non-functional due to direct and/or indirect

effects of HIV [74].
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Absolute concentrations of GABA, Glu, tNAA, Glx, and tCr measured in the BG
were all associated with at least one regional brain volume. Relative levels of GABA, GIn,
and GIx were all associated with the cerebellar cortex volume while tNAA were positively
correlated with the lateral ventricular and inferior lateral ventricular volumes.

Several cerebral metabolites were correlated with inflammatory markers. ml from
FWM were positively correlated with CD14, TNF-a, and neopterin while tCho and tNAA
were positively associated with TNF-a. GIn concentrations measured in the BG were
negatively associated with TNF-a, CD163, and neopterin. Other BG metabolites that
correlated with inflammatory markers included, ml, tNAA, and GIx. NAA/Cr
concentrations, obtained by MRSI, were positively correlated with CD163.

CD14 is a pattern recognition receptor (PRR) on monocytes that enhances the
innate immune response through various signaling pathways [75]. CD14*CD16*
monocytes infected with HIV have been implicated in neuroinflammation and HAND [76].
ml is a marker of neuroinflammation [29, 47], and our results support those previous
observations.

Research identified TNF-a as an immune marker for neurocognitive impairment
among HIV patients, but the directions of the associations are inconsistent [77]. TNF-a
was associated with worse executive function in one study while it predicted processing
speed in another [78, 79]. In our study, TNF-a was associated with multiple cerebral
metabolites, including ml, tCho, tNAA, and GIn. Of these metabolites, only tNAA was
correlated with neurocognitive function in this cohort [31]. Research unrelated to
neurocognitive function and neurodegenerative diseases have observed negative

correlation between TNF-a and NAA [80, 81], whereas our findings detected a positive
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correlation. More research is needed to understand the exact relationship between TNF-
a and NAA as it relates to neurocognitive impairment.

Neopterin is a marker of cell-mediated immunity produced by monocytes,
macrophages, and dendritic cells upon stimulation by IFN-y [82]. Elevated levels of
cerebrospinal fluid (CSF) neopterin were associated with HIV-associated dementia (HAD)
and neurocognitive impairment [83, 84]. ml was positively correlated with neopterin, which
is to be expected, whereas GIn was negatively correlated. There is not much research
surrounding GIn and neuroinflammation, but scientists have investigated glutaminase,
which converts GIn to Glu [85]. Excess Glu is associated with neuronal injury by
excitotoxicity, so researchers have sought to inhibit glutaminase to prevent the production
of Glu. The inhibition of glutaminase would result in an increased concentration of GIn, so
it can be hypothesized that elevated levels of Gin is related to less neuronal injury and
possibly even inflammation, a cause of neuronal injury. Our results would support this
hypothesis, but more research is needed to identify Gln exact role in inflammation and
cognitive impairment among the HIV population.

CD163 is a macrophage receptor, but soluble CD163 (sCD163) is considered a
potential biomarker related to inflammation [86]. HIV patients with minor neurocognitive
disorder (MND) had elevated levels of plasma sCD163 but not CSF sCD163 [87]. This
may be due to synaptodendritic damage, as higher plasma sCD163 was associated with
synaptodendritic damage in the frontal cortex, putamen, and hippocampus of deceased
HIV patients [88]. In our study, CD163 was negatively correlated with GlIn, which

continued to imply its involvement in neuroinflammation.
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MCP-1 is a chemokine involved in the migration and infiltration of monocytes and
macrophages, and has previously been associated with HAND [89-91]. We found a
significant, negative correlation between relative levels of GIx and MCP-1. One study
previously reported a negative correlation between Glx and CD14 in HIV patients, so our
results seem to support this observation. GIx should be studied further, though, as there
have been mixed results as to whether elevated levels are beneficial or harmful.
Inconsistent findings could be due to the amounts of Glu and GIn that make up Glx.

Almost all neuropsychological domains were associated with at least one regional
brain volume in our study sample. Learning memory and working memory, however, were
not associated with any regional brain volume. This is surprising as several regions of the
brain, including the hippocampus, parahippocampus, amygdala, and pre-frontal cortex,
are associated with learning and memory [92, 93]. One unexpected result is the positive
association between visuospatial domain scores and inferior lateral ventricular volume.
Expansion of the ventricular volumes is indicative of brain atrophy [68, 69], and these
results seem to imply higher visuospatial domain scores being associated with brain
atrophy. This is inconsistent with previous research observing negative associations
between visuospatial domain scores and brain atrophy [94].

Language skills were the only neuropsychological domain to be associated with
an inflammatory marker, specifically CD14. Higher levels of CD14 correlated with better
scores in the language domain. This is an interesting finding as CD14 is associated with
neuroinflammation and HAND, which would imply neuronal damage [76]. Moreover,

inflammation plays a role in the pathogenesis of certain diseases with language deficits,
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such as AD and Autism Spectrum Disorder [95]. Because of this, we expect to see a
negative correlation.

Only three of the five inflammatory markers measured were associated with
regional brain volumes. These include CD14, MCP-1, and neopterin, all of which are
involved with or are produced from monocytes/macrophages [75, 82, 89]. CD14 positively
correlated with the cerebellar white matter, lateral ventricular volume, and inferior lateral
ventricle whereas neopterin was positively associated with only the inferior lateral
ventricle. As previously discussed, expansion of lateral and inferior ventricular volumes is
associated with brain atrophy. These results suggest that elevated levels of CD14 and
neopterin among the HIV population may be associated with brain atrophy, which is
supported by previous research [76, 83, 84]. MCP-1 was positively correlated with the
caudate and nucleus accumbens volumes, two regions that are a part of the basal
ganglia. This is an unexpected result as the basal ganglia are the first to be infiltrated and
infected by HIV in the brain [63, 73, 96, 97]. Given the theory of CNS infiltration by infected
monocytes/macrophages [7, 8], it would be expected that MCP-1 would be inversely
associated with regional brain volumes, particularly those that make up the basal ganglia.
The positive correlation between MCP-1 and the caudate and nucleus accumbens
volumes may be explained by the recruitment of monocytes and macrophages to the CNS
in an effort to destroy the virus.

Contrary to our hypothesis about cerebral metabolite changes over time, sl did not
increase in HIV-infected persons treated with CVC or MVC. The only metabolite that
significantly increased after 24 weeks of CVC treatment was tCho measured in the FWM.

tCho increased from a mean value of 1.8 at baseline to 1.9 by the end of the study. A
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meta-analysis investigating brain metabolite differences in HIV infection observed
consistently higher relative levels of total choline in chronically infected HIV persons [98].
As previously mentioned, choline is a marker of cellular proliferation and can reflect
cellular membrane turnover and active demyelination [23, 25, 98]. The increase in total
choline concentrations after 24 weeks of CVC treatment may imply that membrane
turnover is still occurring, possibly in the presence of inflammation, despite stable cCART
and the addition of CVC. This is interesting given the fact that CVC is thought to have the
potential to reduce immune activation [99].

There were no changes in cerebral metabolite concentrations from baseline to 48
weeks for HIV patients in the MVC treatment group. Additionally, no changes were noted
in the placebo group. When we examined mean metabolite percent changes from
baseline to exit between the MVC treatment group vs. the placebo group, there were
greater positive percent changes for FWM relative GABA levels, BG relative Glu
concentrations, and absolute and BG relative levels of choline in the basal ganglia for the
treatment group. Low levels of GABA have been observed in several neurodegenerative
disorders, including epilepsy and Huntington’s disease [100]. The GABA increase among
the MVC treatment group may be beneficial in preventing cognitive impairment and
atrophy. The increase in Glu and tCho is unexpected as elevated levels of both of these
metabolites imply excitotoxicity, chronic immune activation, and cellular membrane
turnover [23, 25, 46, 98]. MVC has been associated with improved neuronal integrity and
reduced inflammation [99]. MVC has a high CNS penetration effectiveness (CPE) score,
and while neurotoxicity has not been associated with MVC, a study reported MVC

reduced maximal mitochondrial respiration and spare respiratory capacity, markers of
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mitochondrial dysfunction and cellular metabolism, in striatal nerve terminals [101]. The
mitochondrial dysfunction resulting from MVC may explain the elevated Glu and Cho
levels among the MVC treatment group.

This study had several strengths. It is, to our knowledge, the first study to examine
sl and Asp in a cohort of chronically-infected HIV adults with mild-to-moderate cognitive
impairment. Furthermore, it is the first study to investigate scyllo-inositol longitudinally.
While no significant changes in sl and Asp concentrations were observed over time, there
were positive associations between sl and Asp levels and several regional brain volumes
that have been previously associated with cognitive impairment and HAND in HIV patients
[63, 73, 96, 97].

sl was previously correlated with multiple neuropsychological domains among the
same cohort, so the combination of these results warrants further investigation of sl
among chronically-infected HIV persons as it relates to neurocognitive function, regional
brain volumes, and HIV [31]. Moreover, sl should be examined as a potential therapeutic
agent for cognitive impairment among the HIV population given the previous literature on
AD and sl [33-35]. The positive association between Asp and the hippocampus and
caudate may support using Asp as a therapeutic agent in cognitively impaired HIV
patients as previous studies found Asp to attenuate myelin damage and stimulate myelin
repair [42].

Other metabolites were also examined longitudinally after CVC and MVC
treatment. This would be the third study, to our knowledge, that investigated cerebral
metabolite changes longitudinally among HIV patients. To our knowledge, no previous

study has examined metabolite changes after CVC, and while several studies have
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investigated metabolite changes after MVC treatment [102-105], this is the first to find
differences between placebo and treatment groups for multiple metabolites.

The greatest limitation of our study is the sample size. With a sample of only 30
participants, we could not control for other confounding variables, such as age, education,
CD4 count, nadir CD4, and plasma HIV RNA in our regression models. Additionally, when
Cramér—Rao Lower Bounds were applied, our sample size became smaller and, in some
cases, became zero (e.g., for sl measured in the basal ganglia). It is difficult to measure
metabolites in basal ganglia, so some participants had missing data. Given this limitation,
the study should be replicated with a larger sample size to confirm our results.

Another limitation of the study is that inflammatory markers were only measured in
peripheral blood. Studies have observed associations between plasma inflammatory
markers and neurocognitive impairment among HIV patients or HAND [87, 88], but the
addition of CSF biomarkers would have enhanced our results and interpretations.

Lastly, the timeframe for the longitudinal studies were relatively short as CVC
participants were followed for 24 weeks while MVC participants were followed for 48
weeks. It is possible we did not see metabolite changes as these follow-up periods were
too short. Future studies should examine metabolites changes after time periods longer
than 48 weeks.

Future directions include reproducing the findings with a larger sample size to
adjust for confounders and increase the statistical power. Additionally, the exact
mechanisms of sl and Asp should be examined as they relate to neurocognitive
performance and regional brain volumes in HIV infection. Both CVC and MVC should be

investigated as we found unexpected increases in tCho concentrations among patients
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treated with CVC. Additionally, there were greater positive percent changes in the MVC
treatment for Glu and tCho, which may indicate enhance excitotoxicity and cellular
membrane turnover despite MVC treatment. Given previous reports of neurotoxicity
caused by antiretroviral substances, these therapeutics should be studied further to
determine their benefits and disadvantages.

Our study identified multiple associations between cerebral metabolites and
regional brain volumes, including sl being positively associated with the putamen,
cerebellar cortex and white matter, and the brain stem. This metabolite should be studied
further as it could play a role in improving brain health and neurocognitive performance

among HIV+ individuals.
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Table and Figure Legends

Table 1. Sample characteristics. Baseline characteristics of CVC and MVC patients

combined.
Characteristic Data
N 30
Age (years) 56+ 7
Education (years) 15+3
# Male (%) 26 (87%)
Plasma HIV RNA < 20
copies/mL 261
594 (396 -
CD4 count (cells/mm?3) 768)!
165 (42 -
Nadir CD4 count (cells/mm?3) 295)?

*Results are given as N (%), mean + SD, or
median (IQR).

IN=29
’N=28
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Table 2A. Cross-sectional multivariable regression models of frontal white matter brain metabolites and regional
brain volumes, adjusted for intracranial volume. Sample sizes after imposing Cramér-Rao Lower Bounds (CRLBSs) are
listed after the metabolite. Statistically significant associations (p-value < 0.05) are in bold. Corrections for multiple

comparisons were not applied.

Regional brain volumes (B (p-value)

Cerebellum- |Cerebellum- Inferior Lateral
Brain metabolite (N) [Hippocampus [Caudate Putamen Pallidum Thalamus Amygdala White Matter |Cortex Accumbens |Brain Stem |Corpus Callosum |Lateral Ventricle [Ventricle
Asp (N=30) 0.389 (0.027) (0.416 (0.007) [0.242 (0.171) [0.145(0.412) |0.018(0.913) |0.278(0.109) |-0.207 (0.206) |0.214 (0.121) |0.296 (0.120) |-0.027 (0.839) |-0.115 (0.500) -0.048 (0.759) -0.099 (0.595)
Asp/tCr (N=30) 0.384(0.029) (0.382 (0.014) [0.187(0.293) [0.091 (0.607) |0.000(0.998) |0.242(0.166) |-0.219(0.179) |0.127(0.366) |0.244 (0.201) |-0.061 (0.640) |-0.138 (0.420) 0.019 (0.904) -0.082 (0.660)
GABA (N=24) -0.149 (0.533) |0.034 (0.841) [-0.186 (0.375) |-0.127 (0.555) |-0.032 (0.880) |-0.092 (0.692) |-0.054 (0.801) |0.101 (0.572) |-0.112(0.648)|0.027 (0.889) [-0.198(0.370)  [-0.152(0.419)  |-0.333(0.150)
GABA/tCr (N=24) -0.200 (0.406) |-0.055 (0.746) [-0.257 (0.217) |-0.169 (0.434) |-0.084 (0.695) |-0.229 (0.322) |-0.008 (0.972) |-0.082 (0.649) [-0.230 (0.347) |-0.047 (0.809) [-0.255 (0.247)  [-0.015(0.937)  |-0.193 (0.415)
Gln (N=29) -0.351 (0.053) |0.007 (0.967) [-0.093 (0.611) |-0.095 (0.605) [-0.307 (0.055) |-0.273 (0.123) |0.018 (0.914) |0.133 (0.358) |-0.266 (0.173) |-0.091 (0.492) |-0.296 (0.080)  [0.041 (0.800) 0.205 (0.282)
GIn/tCr (N=29) -0.466 (0.011) (-0.191 (0.272) [-0.261 (0.165) [-0.253 (0.179) |-0.328 (0.048) |-0.453 (0.010) |0.060 (0.734) |-0.013 (0.931) |-0.457 (0.020) |-0.079 (0.569) |-0.261 (0.141) 0.128 (0.446) 0.190 (0.338)
Glu (N=30) -0.151(0.413) [-0.004 (0.983) [0.246 (0.167) [0.115(0.520) |0.020 (0.900) |-0.022 (0.900) |-0.001 (0.996) |0.060 (0.676) |0.258 (0.181) |0.003 (0.982) |-0.123 (0.475) -0.012 (0.939) 0.023 (0.901)
Glu/tCr (N=30) -0.306 (0.087) [-0.275 (0.086) [0.047 (0.795) [-0.092 (0.607) |0.000 (1.000) |-0.263 (0.132) |0.052 (0.757) |-0.168 (0.228) |0.067 (0.729) |-0.010 (0.941) |-0.102 (0.552) 0.137(0.379) 0.017(0.927)
ml (N=30) -0.004 (0.985) [0.032(0.860) [0.002(0.994) [0.113(0.566) |0.032(0.856) |0.028(0.891) |0.165 (0.344) |-0.020 (0.900) |-0.014 (0.946) |-0.053 (0.723) |0.044 (0.811) 0.077 (0.628) 0.461 (0.011)
mi/tCr (N=30) -0.126 (0.491) |-0.235 (0.143) [-0.242 (0.169) |-0.142 (0.424) [0.022 (0.893) |-0.198 (0.259) |0.219 (0.179) |-0.221 (0.109) |-0.254 (0.184) |-0.020 (0.876) [0.084 (0.625) 0.191(0.217) 0.405 (0.023)
sl (N=23) 0.129(0.505) |-0.008 (0.968) [0.559 (0.003) |0.366 (0.058) [0.109 (0.540) |0.062 (0.747) |0.366 (0.054) |0.413 (0.008) |0.103 (0.650) |0.250 (0.089) [0.076 (0.714) -0.112(0.542)  |0.007 (0.976)
sl/tCr (N=23) -0.014 (0.945) [-0.245 (0.197) [0.376 (0.073) [0.156 (0.454) |0.093 (0.615) |-0.140 (0.488) |0.445 (0.022) |0.318(0.062) |-0.063 (0.791) |0.304 (0.045) |0.159 (0.457) -0.031 (0.874) -0.012 (0.961)
GPC+PCh (N=30) -0.019 (0.917) [0.132(0.423) [0.122(0.499) [0.379(0.028) |0.208 (0.196) |0.134 (0.455) |0.094 (0.576) |0.214(0.126) |-0.125 (0.523) |0.098 (0.460) |0.058 (0.740) -0.143 (0.366) 0.053 (0.780)
GPC+PCh/tCr (N=30) |-0.171(0.353) |-0.205 (0.209) |-0.176 (0.325) |0.062 (0.729) |0.161 (0.319) |-0.152 (0.395) [0.144 (0.386) |-0.034 (0.812) |-0.387 (0.040) [0.109 (0.408) [0.135 (0.433) 0.005 (0.977) -0.001 (0.998)
tNAA (N=30) -0.028 (0.087) [-0.081(0.623) [0.170 (0.340) [0.190 (0.281) |0.063 (0.695) |0.072(0.684) |0.253 (0.120) |0.188(0.176) |0.063 (0.745) |0.040(0.762) |0.027 (0.875) 0.117(0.453) 0.352 (0.051)
tNAA/tCr (N=30) -0.250 (0.197) |-0.588 (0.000) [-0.299 (0.112) |-0.266 (0.157) [0.025 (0.887) |-0.354 (0.055) |0.354 (0.039) |-0.190 (0.205) |-0.369 (0.068) |0.062 (0.659) [0.154 (0.401) 0.342 (0.034) 0.273(0.165)
Glu+Gln (N=30) -0.311 (0.081) |-0.002 (0.989) [0.139 (0.437) |0.066 (0.709) [-0.143 (0.373)|-0.176 (0.317) |0.005 (0.974) |0.109 (0.437) |0.032 (0.870) |-0.062 (0.638) [-0.270(0.107)  [0.021(0.892) 0.134 (0.470)
Glx/tCr (N=30) -0.562 (0.001) |-0.353 (0.031) [-0.127 (0.495) |-0.200 (0.274) [-0.203 (0.221) |-0.523 (0.002) |0.075 (0.662) |-0.158 (0.277) |-0.258 (0.194) |-0.078 (0.566) |-0.275 (0.114)  [0.206 (0.199) 0.144 (0.454)
Cr+PCr (N=30) 0.183(0.339) [0.373(0.023) [0.346 (0.058) [0.330(0.070) |0.037(0.827) |0.336(0.063) |-0.079 (0.650) |0.325 (0.022) |0.332(0.095) |0.001 (0.992) |-0.061 (0.733) -0.203 (0.212) 0.020 (0.920)
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Table 2B. Cross-sectional multivariable regression models of basal ganglia brain metabolites and regional brain

volumes, adjusted for intracranial volume. Sample sizes after imposing Cramér-Rao Lower Bounds (CRLBS) are listed

after the metabolite. Statistically significant associations (p-value < 0.05) are in bold. Corrections for multiple comparisons

were not applied.

Regional brain volumes (B (p-value)

Cerebellum- |Cerebellum- Inferior Lateral

Brain metabolite (N) [Hippocampus [Caudate Putamen Pallidum Thalamus Amygdala White Matter |Cortex Accumbens |Brain Stem |Corpus Callosum |Lateral Ventricle [Ventricle

GABA (N=27) 0.016 (0.937) [0.043(0.820) [0.130(0.510) |-0.015 (0.940) |-0.078 (0.661) |-0.107 (0.593) |0.207 (0.255) |0.502 (0.000) |0.134 (0.524) |0.175 (0.210) |0.077 (0.680) -0.240 (0.164) -0.159 (0.431)
GABA/tCr (N=27) 0.117(0.563) [0.122(0.508) [0.159 (0.416) [0.089 (0.642) |-.054(0.761) |-0.025(0.902) |0.255 (0.154) |0.463 (0.001) |0.170(0.414) |0.083 (0.554) |0.122(0.508) -0.109 (0.534) -0.043 (0.830)
Gln (N=28) -0.222 (0.241) |-0.225 (0.179) [-0.118 (0.528) |-0.122 (0.509) [0.180 (0.275) |-0.168 (0.362) |0.106 (0.535) |-0.266 (0.060) |-0.149 (0.458) |-0.022 (0.867) [0.311 (0.070) 0.095 (0.550) -0.221(0.244)
Gln/tCr (N=28) -0.194 (0.306) |-0.156 (0.355) [-0.118 (0.526) |-0.100 (0.589) [0.176 (0.285) |-0.118 (0.521) |0.081 (0.639) |-0.318 (0.022) |-0.139 (0.489) |-0.131 (0.322) [0.270 (0.118) 0.201(0.199) -0.115 (0.548)
Glu (N=29) -0.419 (0.037) |-0.117 (0.529) [0.022 (0.916) |0.049 (0.810) |-0.109 (0.552) |-0.378 (0.053) |-0.047 (0.802) |-0.032 (0.840) |-0.143 (0.516) |0.046 (0.758) [-0.140(0.471)  [-0.159(0.365)  |0.021(0.920)
Glu/tCr (N=29) -0.368 (0.079) [-0.026 (0.893) [-0.058 (0.785) [0.046 (0.825) |-0.144 (0.446) |-0.343 (0.091) |-0.125 (0.521) |-0.202 (0.212) |-0.162 (0.476) |-0.169 (0.265) |-0.185 (0.355) 0.061 (0.737) 0.219(0.312)
GPC+PCh (N=30) -0.283 (0.116) [-0.188 (0.246) [-0.084 (0.640) [-0.197 (0.264) |-0.115 (0.476) |-0.204 (0.245) |-0.090 (0.588) |0.230 (0.096) |-0.184 (0.340) |0.087 (0.508) |0.001 (0.997) 0.021 (0.893) -0.084 (0.650)
GPC+PCh/tCr (N=30) |-0.190(0.297) |-0.090 (0.583) |-0.144 (0.422) |-0.191 (0.280) |-0.115 (0.476) [-0.125 (0.480) |-0.116 (0.482) |0.069 (0.623) [-0.189 (0.329) [-0.115 (0.381) |-0.004 (0.981) 0.257(0.094) 0.097 (0.604)
tNAA (N=30) 0.119(0.521) [-0.027 (0.872) [-0.005 (0.980) [0.001 (0.996) |-0.048 (0.769) |0.045 (0.802) |0.168 (0.313) |0.284 (0.040) |0.094 (0.635) |0.107 (0.422) |-0.142 (0.411) 0.043 (0.787) 0.201 (0.285)
tNAA/tCr (N=30) 0.250(0.168) |0.094 (0.566) (-0.082 (0.648) |0.038 (0.832) [-0.032 (0.843)]0.141(0.428) |0.146 (0.377) |0.063 (0.656) [0.088 (0.653) |-0.134 (0.306) [-0.129(0.453)  [0.320(0.034) 0.438(0.013)
Glu+Gln (N=29) -0.453 (0.020) |-0.231 (0.199) [-0.014 (0.944) |-0.015 (0.939) [0.073 (0.684) |-0.354 (0.065) |0.008 (0.965) |-0.174 (0.260) |-0.178 (0.408) |0.064 (0.662) [0.042 (0.828) -0.104(0.548)  |-0.156 (0.449)
Glx/tCr (N=29) -0.374(0.056) |-0.126 (0.485) [-0.082 (0.680) |-0.017 (0.932) [0.063 (0.725) |-0.276 (0.150) |-0.049 (0.789) |-0.339 (0.021) |-0.182 (0.392) |-0.162 (0.255) [0.021 (0.914) 0.141(0.409) 0.035 (0.864)
Cr+PCr (N=30) -0.178(0.329) [-0.162 (0.319) [0.064 (0.721) [-0.052(0.771) |-0.017 (0.918) |-0.140 (0.431) |0.031 (0.854) |0.230(0.095) |-0.023 (0.906) |0.270 (0.032) |0.004 (0.980) -0.306 (0.043) -0.262 (0.153)
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Table 3A. Cross-sectional multivariable regression models of NAA/Cr (measured by MRSI) and regional brain

volumes, adjusted for intracranial volume. Statistically significant associations (p-value < 0.05) are in bold. Corrections

for multiple comparisons were not applied.

Regional brain volumes (B (p-value)

Cerebellum- [Cerebellum- Inferior Lateral

NAA/Cr Region Hippocampus |Caudate Putamen Pallidum Thalamus Amygdala White Matter [Cortex Accumbens [Brain Stem [Corpus Callosum [Lateral Ventricle |Ventricle

Left Basal Ganglia 0.081(0.636) |-0.009 (0.960) |0.307 (0.106) [0.093 (0.615) |0.292 (0.062) [0.176(0.300) [0.029 (0.869) |0.114(0.447) [0.306(0.128) [0.209(0.118) |0.014 (0.943) 0.015 (0.932) -0.177 (0.373)
Right Basal Ganglia -0.102 (0.556) |-0.084 (0.662) |0.009 (0.964) |-0.075 (0.700) |-0.249 (0.123) [-0.007 (0.970) |-0.131 (0.467) |-0.011 (0.945) [-0.146 (0.493) |-0.073 (0.602) |-0.415 (0.022) 0.050 (0.787) 0.067 (0.750)
Left Cingullum -0.057 (0.747) |-0.103 (0.590) |-0.295 (0.134) |-0.176 (0.355) |0.084 (0.616) |-0.108 (0.541) [0.022 (0.904) |0.061 (0.694) |(-0.078 (0.712) |0.025 (0.859) |0.081 (0.680) -0.017 (0.925) -0.151(0.463)
Right Cingullum -0.165 (0.332) |-0.177 (0.334) |-0.013 (0.946) [0.000 (0.999) |-0.016 (0.924) |-0.157 (0.359) [0.232 (0.178) |-0.058 (0.704) |-0.113 (0.584) |-0.044 (0.749) |-0.102 (0.591) 0.192 (0.267) 0.050 (0.804)
Left Frontal 0.013 (0.940) |-0.006 (0.975) |0.129 (0.518) [0.001 (0.996) |0.261(0.099) [0.136 (0.438) [0.159(0.365) |0.058 (0.707) |0.215(0.302) [0.091 (0.512) |-0.080 (0.676) -0.025 (0.889) -0.191 (0.342)
Right Frontal -0.029 (0.866) |0.015 (0.936) |0.385(0.039) [0.172(0.350) |0.260 (0.098) |0.018(0.916) [0.243(0.156) |0.023(0.877) |0.176(0.388) [0.133(0.329) |-0.106 (0.576) 0.010 (0.954) -0.107 (0.592)
Left Insula -0.080 (0.676) |-0.225 (0.235) |0.339 (0.083) [0.166 (0.389) |0.277(0.111) [0.129 (0.476) [0.215(0.234) |0.107 (0.542) |0.093 (0.669) [0.394 (0.010) |-0.136 (0.504) -0.114 (0.529) -0.137(0.514)
Right Insula -0.018 (0.927) |-0.047 (0.815) |0.042 (0.840) [-0.059 (0.774) |0.252 (0.142) |0.008 (0.967) [0.059 (0.745) |0.102(0.530) |-0.022(0.921) [0.031 (0.843) |-0.059 (0.767) 0.117(0.513) -0.057 (0.791)
Left Internal Capsule [-0.236(0.176) |-0.340 (0.067) |-0.078 (0.703) [-0.129 (0.506) |0.234 (0.151) (-0.142(0.411) |0.251(0.160) |-0.139 (0.374) |-0.226 (0.283) |0.097 (0.497) |0.111 (0.567) 0.294 (0.093) 0.049 (0.814)
Right Internal Capsule [-0.132 (0.448) |-0.132 (0.484) [0.020 (0.922) |-0.082 (0.667) |0.023 (0.887) [0.076(0.657) |0.151(0.399) |-0.328 (0.026) [-0.241 (0.245) |-0.012 (0.934) |-0.162 (0.393) 0.273(0.114) 0.199 (0.321)
Left Occipital -0.206 (0.307) |-0.194 (0.403) |0.047 (0.842) [-0.040(0.859) |0.191(0.319) |-0.117(0.571) [-0.015 (0.945) |-0.214 (0.243) |-0.206 (0.403) [-0.068 (0.646) |-0.147 (0.511) 0.271(0.210) -0.053 (0.831)
Right Occipital -0.046 (0.835) |-0.167 (0.450) |-0.069 (0.757) [-0.010 (0.964) |-0.097 (0.598) |-0.150 (0.487) [0.193 (0.254) |-0.200 (0.268) |-0.274 (0.233) [0.017 (0.906) |-0.072 (0.731) 0.195 (0.306) 0.152 (0.498)
Left Parietal -0.084 (0.627) |-0.204 (0.280) |0.006 (0.974) [-0.031(0.869) |0.167 (0.312) |-0.012(0.945) [-0.132 (0.459) |0.028 (0.856) |0.042 (0.845) |-0.086 (0.542) |-0.036 (0.854) 0.082 (0.641) -0.234(0.249)
Right Parietal 0.178(0.298) |0.204 (0.277) |0.317(0.105) [0.236(0.207) |0.292 (0.070) [0.238(0.166) |0.275(0.115) |0.225(0.139) [0.269 (0.195) |0.315 (0.018) |0.034 (0.863) -0.232(0.177) -0.015 (0.940)
Left Temporal -0.197 (0.244) |-0.001 (0.994) |-0.005 (0.980) [0.152 (0.411) |0.252(0.110) [0.017(0.922) [0.343(0.040) |-0.016 (0.915) |-0.205 (0.315) [0.017 (0.903) |-0.031 (0.869) 0.146 (0.400) 0.103 (0.604)
Right Temporal -0.056 (0.756) |-0.167 (0.381) |0.175 (0.391) [0.090(0.647) |0.189(0.262) |-0.080 (0.657) [-0.010 (0.956) |-0.125 (0.427) |-0.037 (0.863) [0.169 (0.236) |-0.170 (0.387) -0.099 (0.572) -0.205 (0.318)
Left Thalamus -0.282(0.127) |-0.237 (0.243) |-0.169 (0.436) [-0.142 (0.494) |0.053 (0.766) |-0.243 (0.179) [0.187 (0.334) |-0.265 (0.101) |-0.331 (0.137) |-0.185 (0.216) |-0.099 (0.631) 0.492 (0.005) 0.288 (0.180)
Right Thalamus -0.348 (0.039) |-0.110 (0.560) |-0.055 (0.786) [-0.162 (0.396) |-0.189 (0.253) |-0.190 (0.279) [-0.003 (0.985) |-0.292 (0.051) |-0.337 (0.101) |-0.146 (0.300) |-0.310 (0.101) 0.323 (0.050) 0.173(0.393)
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Table 3B. Cross-sectional multivariable regression models of NAA/Cho (measured by MRSI) and regional brain

volumes, adjusted for intracranial volume. Statistically significant associations (p-value < 0.05) are in bold. Corrections

for multiple comparisons were not applied.

Regional brain volumes (B (p-value)

Cerebellum- [Cerebellum- Inferior Lateral

NAA/Cho Region Hippocampus |Caudate Putamen Pallidum Thalamus Amygdala White Matter [Cortex Accumbens [Brain Stem [Corpus Callosum [Lateral Ventricle |Ventricle

Left Basal Ganglia -0.053 (0.762) |0.051 (0.785) |0.257(0.189) (0.153(0.416) |0.222(0.171) [0.129 (0.461) |-0.123(0.487) |-0.048 (0.755) |0.200 (0.336) |0.170(0.216) |-0.218(0.253) -0.073 (0.681) -0.213 (0.290)
Right Basal Ganglia -0.005 (0.978) |-0.127 (0.512) |-0.199 (0.322) {-0.200 (0.299) |-0.220 (0.177) [0.124 (0.473) |-0.240(0.178) |-0.192 (0.220) |-0.164 (0.440) |-0.115 (0.411) |-0.320 (0.087) 0.059 (0.749) 0.128(0.541)
Left Cingullum -0.015 (0.933) |0.099 (0.616) |-0.229 (0.268) [-0.198 (0.314) |0.087 (0.614) [0.016 (0.930) |-0.056 (0.766) |-0.029 (0.859) [0.118 (0.593) |-0.109 (0.455) |-0.194 (0.334) -0.032 (0.864) -0.137(0.522)
Right Cingullum -0.140 (0.417) |-0.086 (0.646) |-0.182 (0.353) -0.249 (0.178) |-0.122 (0.455) |-0.114 (0.513) [-0.049 (0.784) |-0.088 (0.566) |-0.056 (0.787) |-0.146 (0.287) |-0.243 (0.197) 0.162 (0.356) -0.011 (0.956)
Left Frontal -0.016 (0.925) |-0.146 (0.438) |0.073 (0.716) (-0.123 (0.517) |-0.021 (0.895) [0.010 (0.953) |0.153 (0.387) |0.145 (0.348) |0.203 (0.332) |0.024 (0.865) |-0.032 (0.868) 0.004 (0.982) -0.043 (0.832)
Right Frontal -0.066 (0.701) |0.030(0.872) |0.348(0.065) (0.132(0.478) |0.099 (0.539) |(-0.087 (0.612) [0.269 (0.116) |0.070(0.644) |0.233(0.253) |0.055 (0.688) |-0.056 (0.767) 0.006 (0.974) -0.067 (0.740)
Left Insula -0.079 (0.681) |-0.193 (0.310) |0.255 (0.199) (0.064 (0.741) |0.180(0.308) [0.054 (0.768) |0.155 (0.396) |-0.005 (0.975) [0.153 (0.479) {0.319 (0.042) |-0.255 (0.203) -0.082 (0.651) -0.065 (0.760)
Right Insula -0.050 (0.795) |-0.168 (0.403) |-0.104 (0.619) |-0.165 (0.423) |0.175 (0.316) [0.046 (0.811) |0.069 (0.706) |-0.192 (0.232) |-0.076 (0.729) [0.021 (0.893) |-0.004 (0.983) 0.141(0.431) 0.076 (0.723)
Left Internal Capsule (-0.236 (0.168) |-0.278 (0.133) (0.002 (0.991) |-0.045 (0.813)|0.211(0.191) (-0.129 (0.446) |0.194 (0.275) |-0.207 (0.175) |-0.073 (0.727) |0.053 (0.709) |0.020 (0.917) 0.142 (0.420) -0.070 (0.730)
Right Internal Capsule (-0.034 (0.847) |-0.158 (0.407) (0.050 (0.806) |-0.019 (0.923) |-0.003 (0.986) [0.121 (0.480) |0.114 (0.529) |-0.290 (0.055) [-0.131 (0.538) |-0.003 (0.981) (-0.070 (0.716) 0.186 (0.295) 0.234(0.248)
Left Occipital 0.041(0.838) |0.142(0.538) |0.243(0.292) (0.349(0.101) |0.111(0.560) [0.132(0.518) [0.189(0.364) |-0.152 (0.403) |-0.030 (0.902) [-0.099 (0.492) |-0.105 (0.635) 0.326(0.122) 0.394 (0.092)
Right Occipital -0.160 (0.494) |0.048 (0.838) |-0.058 (0.808) [0.106 (0.634) |0.044 (0.824) |(-0.143 (0.533) [0.138 (0.447) |-0.243(0.203) |-0.329 (0.175) |-0.144 (0.356) |-0.140 (0.527) 0.415 (0.032) 0.340(0.143)
Left Parietal -0.241(0.154) |-0.341(0.061) |-0.136 (0.496) |-0.243 (0.191) |0.064 (0.698) |-0.085 (0.627) [-0.128 (0.471) |-0.043 (0.781) [0.009 (0.966) |-0.024 (0.866) |-0.023 (0.906) 0.007 (0.968) -0.267(0.183)
Right Parietal 0.125(0.497) |-0.072(0.718) |0.064 (0.760) (0.016 (0.934) |0.079 (0.650) [0.291(0.103) |-0.083 (0.642) |-0.107 (0.496) |-0.028 (0.901) |0.070 (0.606) |-0.007 (0.975) 0.009 (0.961) -0.063 (0.773)
Left Temporal -0.190 (0.280) |-0.070 (0.716) |0.058 (0.776) [0.030(0.875) |0.090 (0.591) (-0.002 (0.990) [0.211(0.239) |-0.123 (0.433) (-0.099 (0.645) |-0.059 (0.681) |0.005 (0.979) 0.183 (0.308) 0.080 (0.702)
Right Temporal 0.140(0.459) |0.042(0.836) |0.015(0.945) [0.039(0.853) |0.048 (0.790) |(-0.053 (0.782) |-0.086 (0.659) |-0.158 (0.345) (0.048 (0.833) |-0.057 (0.711) |0.013 (0.952) 0.150 (0.416) -0.057 (0.795)
Left Thalamus -0.239(0.183) |-0.188 (0.338) |0.017 (0.937) (-0.020 (0.920) |0.108 (0.528) |-0.129 (0.468) [0.173 (0.354) |-0.201 (0.201) |-0.153 (0.484) |-0.133 (0.360) |-0.046 (0.818) 0.316 (0.074) 0.197 (0.347)
Right Thalamus -0.245 (0.156) 0.002 (0.990) |0.116 (0.564) [0.028(0.884) |-0.110(0.511) |-0.020 (0.911) [-0.043 (0.813) |-0.302 (0.043) |-0.209 (0.317) [-0.096 (0.497) |-0.242 (0.207) 0.167(0.327) 0.098 (0.632)
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Table 4. Cross-sectional multivariable regression models of neuropsychological (NP) domain scores and regional

brain volumes, adjusted for intracranial volume. Statistically significant associations (p-value < 0.05) are in bold.

Corrections for multiple comparisons were not applied.

Regional brain volumes (B (p-value)

Cerebellum- |Cerebellum- Inferior Lateral
NP domain Hippocampus |Caudate Putamen Pallidum Thalamus Amygdala White Matter |Cortex Accumbens |Brain Stem |Corpus Callosum |Lateral Ventricle [Ventricle
Attention 0.300(0.093) [-0.108 (0.510) [0.121 (0.497) [0.055 (0.758) |0.232(0.143) |0.159(0.367) |0.196(0.230) |0.091(0.519) |0.393 (0.035) |0.206 (0.109) |0.051 (0.767) -0.183 (0.237) -0.014 (0.941)
Executive Function |0.372(0.037) [0.264 (0.103) [0.206 (0.251) [0.217(0.222) |0.103 (0.526) |0.221(0.213) |0.229(0.165) [0.293(0.032) |0.341(0.074) |0.024 (0.858) |-0.095 (0.582) -0.027 (0.864) 0.122 (0.516)
Language 0.012 (0.950) |-0.115 (0.502) [-0.005 (0.980) |0.000 (1.000) [-0.063 (0.710) |-0.168 (0.362) |0.351 (0.035) [0.229 (0.113) |-0.100(0.623) |0.079 (0.566) [0.019 (0.914) 0.211(0.192) 0.257(0.181)
Learning Memory  |0.047(0.801) |0.310(0.052) [-0.009 (0.958) |-0.032 (0.860) |0.093 (0.565) [0.027 (0.880) |-0.151(0.362) |0.156 (0.268) [0.237(0.220) |-0.013 (0.925) [0.013 (0.941) -0.097 (0.538)  |-0.095 (0.612)
Gross Motor 0.3665 (0.044) |0.352 (0.029) (0.421(0.015) |0.372(0.033) [0.346 (0.029) |0.340(0.053) |0.086 (0.611) |0.311(0.024) |0.476 (0.011) |0.190 (0.150) [0.117 (0.505) -0.337(0.028)  |-0.212(0.261)
Psychmotor 0.500 (0.003) [0.226 (0.162) [0.509 (0.002) {0.590 (0.000) |0.464 (0.002) |0.388 (0.022) |0.475 (0.002) |0.269 (0.049) |0.357 (0.058) |0.253 (0.046) |0.096 (0.574) -0.262 (0.086) -0.015 (0.937)
Visuospatial 0.135(0.462) [0.095 (0.563) [0.202 (0.257) [0.232(0.188) |0.082 (0.613) |-0.002 (0.989) |0.297 (0.066) |-0.017 (0.902) |0.011 (0.953) |-0.038 (0.771) |0.153 (0.370) 0.200 (0.197) 0.395 (0.027)
Working Memory  [0.036 (0.846) |0.063 (0.704) |0.137(0.448) |0.040(0.826) |-0.215 (0.182) |-0.028 (0.876) [-0.120 (0.473) |-0.065 (0.650) |0.164 (0.404) (-0.126 (0.342) [-0.124 (0.475) -0.006 (0.968) 0.113 (0.550)
Global 20 0.383(0.029) [0.299 (0.059) {0.338(0.051) |0.317(0.066) |0.303 (0.052) [0.261(0.134) [0.222(0.173) |0.309 (0.022) (0.447 (0.015) |0.158 (0.222) |0.080(0.641) -0.190(0.219)  |-0.014(0.941)
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Table 5. Cross-sectional multivariable regression models of inflammatory markers and regional brain volumes,

adjusted for intracranial volume. Statistically significant associations (p-value < 0.05) are in bold. Corrections for

multiple comparisons were not applied.

Regional brain volumes (B (p-value)

Cerebellum- |Cerebellum- Inferior Lateral
Inflammatory Markers [Hippocampus |Caudate Putamen Pallidum Thalamus Amygdala White Matter [Cortex Accumbens [Brain Stem [Corpus Callosum [Lateral Ventricle |Ventricle
CD14 -0.157(0.484) |-0.151(0.435) |-0.151 (0.517) [-0.016 (0.944) |-0.236 (0.249) |-0.339 (0.119) [0.634 (0.001) |0.044 (0.765) |-0.244(0.299) |-0.083 (0.623) |0.051 (0.808) 0.378 (0.018) 0.631 (0.002)
TNF-a -0.008 (0.972) 0.331(0.089) |0.099 (0.682) [0.336(0.147) |0.103 (0.634) |[-0.092 (0.693) [-0.016 (0.944) |-0.094 (0.537) |0.151 (0.540) |-0.119 (0.494) |-0.035 (0.873) -0.026 (0.883) 0.152 (0.518)
CcCL2 0.224(0.318) |0.403(0.028) |0.229 (0.324) [0.255(0.261) |0.242 (0.240) |0.254 (0.252) [-0.319(0.126) |0.011(0.940) |0.455 (0.044) |-0.025 (0.885) |-0.002 (0.993) -0.238 (0.158) -0.180 (0.429)
CD163 -0.149 (0.510) |-0.047 (0.812) |-0.107 (0.652) [0.058 (0.804) |-0.037 (0.861) [-0.119 (0.599) [0.073 (0.735) |-0.055 (0.712) |-0.169 (0.478) |0.073 (0.667) |-0.163 (0.442) -0.102 (0.555) -0.097 (0.674)
Neopterin -0.111(0.623) |-0.026 (0.895) |-0.170 (0.467) [-0.012 (0.958) |-0.341 (0.090) |-0.341 (0.119) [0.242 (0.253) |0.005 (0.975) |-0.193 (0.414) [-0.135 (0.422) |-0.212 (0.310) 0.148 (0.388) 0.462 (0.032)
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Figure 1. Pearson and Spearman correlations between inflammatory markers and

frontal white matter brain metabolites. Only statistically significant (p-value < 0.05)

correlations are depicted. R-values and p-values are provided on the plots along with

line of best fit. A-D depict correlations with ml; E depicts a correlation with tCho; and F

depicts a correlation with tNAA.
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Figure 2. Pearson and Spearman correlations between inflammatory markers and
basal ganglia brain metabolites. Only statistically significant (p-value < 0.05)
correlations are depicted. R-values and p-values are provided on the plots along with
line of best fit. A depicts a correlation with ml; B-C depicts correlations with tNAA; D-G

depicts correlations with Gln; and H depicts a correlation with GIx.
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Figure 3. Spearman correlation between NAA/Cr (measured by MRSI) and CD163.
NAA/Cr was measured in the right occipital lobe. Only statistically significant (p-value <
0.05) correlations are depicted. The r-value and p-value are provided on the plot along

with line of best fit.
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Figure 4. Pearson correlation between language domain score and CD14. Only

statistically significant (p-value < 0.05) correlations are depicted. The r-value and p-

value are provided on the plot along with line of best fit.
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Figure 5. Simple histograms of frontal white matter total choline at entry and exit
for Cenicriviroc study participants. Histograms are shown for statistically significant
(p-value < 0.05) differences between entry and exit. Differences were determined by

Wilcoxon Sign Ranked Tests. Mean values of total choline measurements are provided

at entry and exit.
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Figure 6. Simple histograms of mean percent changes for placebo and treatment
groups of the Maraviroc study. Histograms are shown for statistically significant (p-
value < 0.05) differences between the placebo and treatment groups. Differences were
determined by Mann Whitney U Tests. Mean values of percent changes are provided on

each histogram. A-B depicts FWM GABA,; C-D depicts BG Glu; and E-H depicts tCho.
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