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ABSTRACT

BACKGROUND AND PURPOSE: Validated neuroimaging markers of HIV-associated neurocognitive disorder in patients on antiretroviral
therapy are urgently needed for clinical trials. The purpose of this study was to explore the relationship between cognitive impairment and
brain metabolism in older subjects with HIV infection. It was hypothesized that MR spectroscopy measurements related to neuronal health
and function (particularly N-acetylaspartate and glutamate) would be lower in HIV-positive subjects with worse cognitive performance.

MATERIALS AND METHODS: Forty-five HIV-positive patients (mean age, 58.9 � 5.3 years; 33 men) underwent detailed neuropsycholog-
ical testing and brain MR spectroscopy at 7T. Twenty-four subjects were classified as having asymptomatic cognitive impairment, and 21
were classified as having symptomatic cognitive impairment. Single-voxel proton MR spectra were acquired from 5 brain regions and
quantified using LCModel software. Brain metabolites and neuropsychological test results were compared using nonparametric statistics
and Pearson correlation coefficients.

RESULTS: Differences in brain metabolites were found between symptomatic and asymptomatic subjects, with the main findings being
lower measures of N-acetylaspartate in the frontal white matter, posterior cingulate cortex, and precuneus. In the precuneus, glutamate
was also lower in the symptomatic group. In the frontal white matter, precuneus, and posterior cingulate cortex, NAA and glutamate
measurements showed significant positive correlation with better performance on neuropsychological tests.

CONCLUSIONS: Compared with asymptomatic subjects, symptomatic HIV-positive subjects had lower levels of NAA and glutamate,
most notably in the frontal white matter, which also correlated with performance on neuropsychological tests. High-field MR spectros-
copy offers insight into the pathophysiology associated with cognitive impairment in HIV and may be useful as a quantitative outcome
measure in future treatment trials.

ABBREVIATIONS: cART � combined antiretroviral therapy; FWM � frontal white matter; Glu � glutamate; HAND � HIV-associated neurocognitive disorder; PC �
precuneus; PCC � posterior cingulate cortex; tNAA � NAA� N-acetyl aspartylglutamate

Human immunodeficiency virus–associated neurocognitive

disorder (HAND) is characterized by cognitive, behavioral,

and motor dysfunction, which impacts daily functioning1-3 and is

predictive of poor survival in patients.4 Combination antiretrovi-

ral therapy (cART) can improve cognitive performance and brain

metabolism in some patients with HAND.2,5,6 However, many

antiretroviral drugs do not penetrate well into the central nervous

system,7 and neurocognitive deficits are reversed in many but not

all patients.8,9 The prevalence of HAND in HIV positive (HIV�)

individuals with advanced infection remains around 45%–50%,

and patients are now surviving for years with HIV infection and

HAND as chronic conditions.10,11 Advanced age is an important

risk factor for HAND; for instance, in the Hawaii Aging with HIV

cohort, HIV� individuals older than 50 years of age were twice as

likely to have dementia compared with HIV� individuals who

were 20 –39 years of age.12,13 Because HIV� individuals are now

living longer as a result of cART, the proportion of HIV� indi-

viduals older than 50 years of age has increased.

There is some evidence that HIV� subjects may develop cog-

nitive decline earlier than the HIV-negative (HIV�) population

(ie, more rapid aging). For the quantitative assessment of neuro-
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logic involvement in older HIV� individuals, it is important to

develop and validate noninvasive imaging tools that are sensitive

to changes in cognitive and behavioral statuses, which, for in-

stance, may be of use as quantitative measures in future treatment

trials. Measurements of regional brain metabolism may also shed

some light on the neurobiology of brain aging and cognitive de-

cline in the older HIV� population.

Proton MR spectroscopy (MR spectroscopy) is a noninvasive

technique that gives information on brain pathophysiology

through measurement of brain metabolite levels.14 The most

common observations in HIV� subjects are increased levels of

choline15 and mIns,16 thought to reflect inflammation and micro-

glial proliferation, and decreased levels of N-acetylaspartate and

glutamate,17-19 believed to be due to neuronal injury or dysfunc-

tion.15,20-22 Metabolic abnormalities may be observed in regions

of the brain with normal appearance on conventional MR imag-

ing, even in subjects who are neurologically asymptomatic, and

increase with increasing degrees of neurologic involvement.23

Thus, MR spectroscopy has been proposed as suitable tool for

monitoring the degree of HIV involvement in the brain and the

effects of therapy.24,25

MR spectroscopy at field strengths of 1.5T, 3T, and 4T6,18,26-28

has been extensively used to investigate neurologic involvement

in HIV� subjects. Higher magnetic field strengths (such as 7T)

allow increased sensitivity and chemical shift dispersion and more

reliable determination of brain metabolites, particularly for some

of the smaller and overlapping signals in the spectrum, such as

glutamate and glutamine.29,30

The current study was undertaken to investigate the utility of

7T MR spectroscopy in evaluating a cohort of older HIV� pa-

tients with varying degrees of neurocog-

nitive impairment. It was hypothesized

that differences in brain metabolites re-

flecting neuronal and glial cell popula-

tions would be observed between older

HIV� individuals with and without

cognitive impairment. For analysis, pa-

tients were classified either as “asymp-

tomatic” (ie, either cognitively healthy

or having asymptomatic neurocogni-

tive impairment) or “symptomatic”

(HAND, including those with either a

mild neurocognitive disorder or HIV-

associated dementia).

MATERIALS AND METHODS
Participants and Clinical Testing
The study was approved the local insti-

tutional review board, and all subjects

gave written informed consent. HIV�

individuals were recruited at the Insti-

tute for Clinical and Translational Re-

search at Johns Hopkins Hospital in Bal-

timore, Maryland, from 2013 to 2016.

Inclusion criteria were adults who were

HIV-positive, older than 50 years of age,

and had the ability to provide written

informed consent and to ambulate at the

first clinic visit. Patients were excluded if they had a history of or

current opportunistic central nervous system infection, schizo-

phrenia, affective disorder, or psychiatric diseases, which could be

a confounder for cognitive impairment, or chronic neurologic

disorders such as brain infarction, hemorrhage, epilepsy, and

multiple sclerosis. Active substance abusers or opiate users were

excluded, defined as any history of illicit drug use within 3 months

preceding the baseline visit, established by subject history and

urine toxicology screens. Any contraindication for 7T MR imag-

ing (metal in the body, claustrophobia, inner ear disorder) was

also an exclusion criterion.

As described above, subjects were stratified by neurocognitive

disorder status using the revised American Academy of Neurol-

ogy “Frascati” criteria.31 All subjects underwent detailed neuro-

logic, neuropsychological, laboratory, and functional assess-

ments. Clinical assessments included standardized questionnaires

that assessed demographic information, including primary lan-

guage; reading abilities; medical, psychiatric, and neurologic his-

tory; and a neurologic examination. Serum CD4 T-cell counts and

HIV RNA levels via quantitative polymerase chain reaction in the

plasma and CSF were obtained. Depression symptomatology was

rated using the Center for Epidemiological Studies Depression

Scale.32 Hepatitis C viral status was obtained via clinical history

and evaluation of laboratory findings for hepatitis C virus

antibodies.

Measures of functional performance included the Karnofsky

Performance Scale, a questionnaire for instrumental activities of

daily living, and a questionnaire for physical quality of life mea-

sures.1-3,33-35 Neuropsychological testing included the Trail-

FIG 1. Examples of the 5 voxel locations used for brain MR spectroscopy in the left frontal white
matter, left hippocampus (Hippo), left basal ganglia (BG), mesial posterior cingulate cortex, and
mesial precuneus. An example of a spectrum from the PC in a 55-year-old HIV� subject is shown,
including results from the LCModel analysis (red curve). Signals are assigned to lipids (Lip), N-
acetylaspartate, N-acetyl aspartylglutamate (NAAG), glutamate, glutamine (Gln), creatine, cho-
line, myoinositol (mI), and Glx (the sum of Glu and Gln). The top trace is the difference between
the original data and the results of the curve fit.
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Making Test, Color Trails Test, Grooved Pegboard Test, Digit

Symbol Test, Stroop Test, Rey Complex Figure Test, and Hopkins

Verbal Learning Test.36-38 Raw scores on each neuropsychologi-

cal test were converted to z scores using published normative

data.31

MR Imaging and Spectroscopy
All studies were performed on a 7T scanner (Achieva; Philips

Healthcare, Best, the Netherlands) equipped with a 32-channel

receive head coil and quadrature transmit coil (Nova Medical,

Wilmington, Massachusetts). Brain MR imaging consisted of lo-

calizer images and a 3D T1-weighted MPRAGE scan with 1.2-mm

isotropic voxel size. Single-voxel Stimulated Echo Acquisition

Mode (STEAM) spectra (TR/TE/mixing time � 3000/14/25 ms)

were acquired from the left frontal white matter (FWM), left basal

ganglia, mesial precuneus (PC), mesial posterior cingulate cortex

(PCC), and left hippocampus with and without variable power

and optimized relaxation water suppression. These regions were

chosen on the basis of prior studies that have indicated that the

regions are involved in HIV infection and aging.10,39-41 The voxel

sizes ranged from 8 to 15 mL (Fig 1). The hippocampal voxel was

carefully angulated parallel to the long axis of the hippocampus

and had dimensions of 1.5 � 1.5 � 3.5 cm to minimize partial

volume contributions from surrounding tissues. Eighty acquisi-

tions had water suppression, and 2 were unsuppressed, to give a

total scan time per region of 4 minutes 6 seconds. Before the

acquisition of each region, field inhomogeneity was corrected up

to second order using the FASTMAP (fast, automatic shimming

technique by mapping along projections) localized shimming

technique,42 and localized power optimization43 was also per-

formed (transmit B1 � 15 �T).

Spectra were analyzed using a basis set designed for the 7T

STEAM sequence incorporated in the LCModel software package

(http://www.lcmodel.com/)44 and quantified in approximately

millimolar concentrations (referred to here as institutional units

because relaxation time corrections were not performed) relative

to the unsuppressed water signal. Ratios relative to creatine were

also calculated. We did not perform any volumetric morphome-

FIG 2. Metabolite ratios for the frontal white matter, posterior cingulate, precuneus, basal ganglia, and hippocampal voxels. Asterisk indicates
significant; GABA, �-aminobutyric acid; IQR, interquartile range; mI, myoinositol.

Subject demographics in the 2 HIV� groups: asymptomatic
neurocognitive impairment and symptomatic HIV-associated
neurocognitive disordera

ANI HAND P Value
No. 24 21 –
Age (yr) 59.6 � 5.7 58.2 � 5.0 .378
Male sex (No.) (%) 17 (71%) 16 (76%) .764
Education (yr) 14.9 � 3.0 14.0 � 2.7 .263
Race (% African American) 12 (50%) 13 (62%) .655
Duration of infection (yr) 19.9 � 9.0 19.2 � 9.4 .790
CES-D 7.7 � 6.8 11.0 � 11.7 .253
HART Est IQb 112.9 � 12.8 103.7 � 12.9 .022
CD4 cell count (cells/mm3) 674 � 281 676 � 375 .988
Plasma HIV RNA (Log10 copies/mL)c 1.6 � 0.1 2.3 � 1.4 .569

Note:—ANI indicates asymptomatic neurocognitive impairment; CES-D � Center
for Epidemiological Studies Depression Scale; HART Est IQ � Hopkins Adult Reading
Test estimated intelligence quotient.
a Values given are mean � SD unless otherwise indicated.
b Significant (P � .05).
c Plasma HIV RNA only among those with detectable viral load (n � 2 ANI and n � 3
HAND).
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try because we reported metabolite ratios in addition to metabo-

lite concentrations. The LCModel basis set contained 20 different

metabolites and the standard LCModel macromolecule peaks.

Concentration and ratio values were only included for statistical

analysis if their Cramér-Rao lower bounds were �20%.44 A rep-

resentative PC spectrum is shown from 1 subject in Fig 1.

Statistical Analysis
The objective of the current study was to compare metabolite

concentration and ratio values between older HIV� patients who

were either asymptomatic or symptomatic for neurocognitive im-

pairment. With the Shapiro-Wilk test, the data were not normally

distributed; therefore, we present the data as median and inter-

quartile range (interquartile range, 25th and 75th percentiles).

Between-group comparisons were made using the nonparametric

median test. Pearson correlation coefficients were calculated be-

tween metabolite values and concentrations and neurocognitive

tests.

RESULTS
Forty-five subjects (mean age, 58.9 � 5.3 years; 33 [73%] men)

were enrolled. All patients were receiving cART. Twenty-four

subjects were classified as asymptomatic, and 21, as symptomatic.

Patient demographics are given in the Table. There were no sig-

nificant group differences in age, education, sex, race, CD4 count,

or plasma HIV RNA between groups. The estimated intelligence

quotient was significantly lower in the symptomatic group (103.7

versus 112.9, respectively, P � .02). Apart from some small white

matter hyperintensities in 2 individuals, which were avoided dur-

ing MR spectroscopy voxel placement, there were no significant

T2WI or FLAIR lesions or other abnormalities in any of the sub-

jects in this study.

In the frontal white matter, the median NAA/Cr ratio was

lower in the symptomatic group compared with the asymptom-

atic group (1.21 versus 1.30, respectively; P � .005), and NAA�

N-acetyl aspartylglutamate (tNAA)/Cr (1.46 versus 1.56, respec-

tively; P � .005) and the median mIns/Cr (0.97 versus 1.03, re-

spectively; P � .02) (Fig 2). There was also a trend toward lower

FWM tNAA concentration in the symptomatic group compared

with the asymptomatic group (7.46 versus 7.81 mmol/L, respec-

tively; P � .06) (Fig 3). In the posterior cingulate cortex, the me-

dian NAA/Cr was also significantly lower in the symptomatic

group (1.16 versus 1.21, respectively; P � .01), as was the median

tNAA/Cr (1.32 versus 1.40, respectively; P � .02) and median

mIns/Cr (0.78 versus 0.87, respectively; P � .002) (Fig 2). In the

precuneus, the median NAA/Cr was also significantly lower in the

symptomatic group (1.14 versus 1.23, respectively; P � .02), as

was median glutamate/Cr (Glu/Cr) (1.12 versus 1.24, respectively;

P � .01) (Fig 2). There were no significant differences between

groups in basal ganglia and hippocampus metabolite concentra-

tions or ratios.

FIG 3. Metabolite concentrations in institutional units for the frontal white matter, posterior cingulate, precuneus, basal ganglia, and hippocam-
pal voxels. Asterisk indicates significant, GABA, �-aminobutyric acid; IQR, interquartile range; mI, myoinositol.
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FIG 4. Scatterplots showing significant positive correlations of FWM Glu/Cr with the Hopkins Verbal Learning Test (HVLT) delayed recall, and
FWM tNAA/Cr with the Grooved Pegboard non-dominant hand, Digit Symbol, and Trail-Making Test B z scores.

FIG 5. Scatterplots showing significant positive correlation of the posterior cingulate tNAA/Cr with the Digit Symbol and Stroop test z scores.
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Regarding correlations between MR spectroscopy results and

neuropsychological tests (On-line Table and Figs 4 – 6), lower

FWM tNAA/Cr was associated with worse performance on mea-

sures of executive function, fine motor, and psychomotor speed

(Trail-Making Test, Part B; Grooved Pegboard Test non-domi-

nant hand; and the Digit Symbol test (P � .005, .01, and .001,

respectively). Furthermore, lower FWM Glu/Cr was associated

with lower performance on delayed recall on the Hopkins Verbal

Learning Test (P � .02) (Fig 4). Lower tNAA/Cr in the posterior

cingulate was associated with worse performance on tests of psy-

chomotor speed (Digit Symbol and Stroop Test; P � .02 and .04,

respectively) (Fig 5). Lower precuneus NAA/Cr was associated

with worse performance on the Stroop Test, a test of processing

speed (P � .04); while precuneus Glu/Cr decreases were associ-

ated with worse performance in the Trail-Making Test, Part B, a

measure of executive functioning (P � .04) (Fig 6).

DISCUSSION
The main finding of this study is that 7T MR spectroscopy could

find significant differences in metabolite levels between symp-

tomatic and asymptomatic HIV� subjects, with the primary re-

sult being lower levels of tNAA (or the ratio tNAA/Cr) in the

frontal white matter, posterior cingulate, and precuneus. Glu/Cr

was also lower in the precuneus in the symptomatic group. In

addition, significant correlations were found between FWM mea-

sures of tNAA (and tNAA/Cr) and Glu (and Glu/Cr, Glx, and

Glx/Cr) and multiple neuropsychological test scores. Posterior

cingulate cortex and precuneus measures of NAA and Glu also

correlated with performance on the Digit Symbol and Stroop

tests. Overall, these results suggest that MR spectroscopy mea-

surements of NAA and glutamate in these brain regions reflect

neuroaxonal loss or dysfunction, which correlates with worse per-

formance on neuropsychological tests.

Decreased NAA and Glx (Glu�glutamine) concentrations in

HIV infection are well-established from MR spectroscopy studies

at lower field strengths; for instance, in 1 study, long TEs per-

formed at 1.5T revealed decreased levels of NAA/Cr in the parie-

to-occipital white matter in asymptomatic HIV� men compared

with healthy controls.45 MR spectroscopic imaging studies also

performed at long TEs found progressive declines in NAA from

HIV-negative controls to asymptomatic and then symptomatic

HIV� patient groups in multiple gray and white matter re-

gions.6,18,46 NAA was also found to increase after initiation of

cART.6,46 Previous 3T studies have also reported decreasing Glx

concentrations (or Glx/Cr ratios) with increasing symptomatol-

ogy in HIV infection17,18 and decreased levels compared with

HIV-negative controls.19 Although some 3T studies have used the

technique of the TE-averaged point-resolved spectroscopy se-

quence19 to selectively detect Glu, generally it can be difficult to

reliably separate Glu from glutamine using conventional MR

spectroscopy. Prior studies comparing 7T with lower field

strengths have shown improved ability at 7T to quantify Glu and

glutamine43; the current study at 7T confirms that only significant

HIV-associated correlations are found for Glu, with no significant

associations found for glutamine. NAA and Glu are known to be

primarily located in neurons and have been shown in previous

studies of various pathologies to decrease when neuronal damage

FIG 6. Scatterplots showing significant positive correlation of the precuneus NAA/Cr and Glu/Cr with Stroop test and Trail-Making Part B z
scores, respectively.
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occurs. The mechanisms by which neuronal damage occurs in

HIV infection are complicated, but it is believed that infiltration

of infected macrophages and lymphocytes results in inflamma-

tion, astrocytosis, oxidative stress, and synaptodendritic injury.47

Several studies performed at 1.5 and 3T have reported in-

creased mIns in HIV infection and symptomatic HIV� subjects

compared with asymptomatic subjects.6,19 The current study is

consistent with these findings. Previous studies at lower field

strengths, and usually in younger cohorts of subjects, have gener-

ally reported increased levels of mIns in HIV� subjects compared

with HIV� controls, with higher mIns in symptomatic HIV�

subjects compared with asymptomatic subjects.18,48 The current

study did not find strong differences in mIns (or mIns/Cr) be-

tween asymptomatic and symptomatic groups in most brain re-

gions, with the exception of slightly lower mIns/Cr in the FWM in

the symptomatic group (ie, in the opposite direction to prior find-

ings).18,49 There were also few significant positive correlations

between high mIns and worse performance on neuropsychologi-

cal tests. These findings may be due to the older nature of the

HIV� cohort studied here, with a longer disease duration, gener-

ally well-controlled viral load, and less neuroinflammation than

in previous studies.

Regarding correlations between brain metabolites and neuro-

psychological test scores, frontal white matter test NAA and Glu

measures correlated positively with measures of executive func-

tion, motor speed, and verbal and working memory, whereas pos-

terior cingulate cortex and precuneus measures of NAA and Glu

predominantly correlated with the Digit Symbol and Stroop tests,

measures of working memory and information-processing speed,

respectively. The precuneus and posterior cingulate cortex are

both visual processing areas, and neuronal dysfunction as mea-

sured by the metabolite changes in these areas could contribute

to impaired performance in neuropsychological tests, which

include visuospatial processing, such as the Digit Symbol and

Stroop tests. Specifically, decreased FWM Glu/Cr and Glx were

correlated with verbal recall, while posterior cingulate and pre-

cuneus Glu Glu/Cr and Glx were associated with attention and

working memory and information-processing speed tests.

These findings are generally consistent with prior studies per-

formed at 1.5 or 3T; for instance, in patients receiving cART,

significant correlations were found between 3T measures of

Glu, Glx, and NAA with performance on motor and psy-

chomotor speed, attention, and working memory.6

A study performed at 1.5T25 in HIV� subjects (most being on

cART) assessed motor skills (fine and gross), psychomotor func-

tion, information-processing speed, and verbal memory and ex-

pressed the results as a composite score NPZ-8 (the average neu-

ropsychological z scores of 8 different neuropsychological test

components). Consistent with the concept of HIV� as a predom-

inantly subcortical dementia, NPZ-8 scores correlated positively

with NAA/Cr (and NAA/Cho and NAA/mIns) in the FWM, sim-

ilar to findings in the current study. Negative correlations in that

study were also found between basal ganglia mIns/Cr and NPZ-

8.25 Another study at 1.5T in 45 antiretroviral-naïve HIV� sub-

jects also found elevated frontal white matter mIns and Cho com-

pared with HIV-negative controls, which were correlated with

slow performance in fine motor (Grooved Pegboard), psychomo-

tor (Trail-Making Test), and executive function (Stroop) tests.50

The relative lack of correlations in the current study between neu-

ropsychological test performance and measures of Cho (only PC

Cho negatively correlated with the Hopkins Verbal Learning Test

delayed recall task) or mIns (PCC mIns/Cr did correlate with

performance on the Stroop test) most likely reflects differences in

patient populations between the current and previous studies

(older HIV� subjects, all on cART).

Compared with MR spectroscopy at lower field strengths,

7T MR spectroscopy has been shown to offer increased signal-

to-noise ratios and spectral resolution; however, it also pres-

ents some technical challenges, including increased chemical

shift dispersion effects, difficulty shimming, and increased ra-

diofrequency power deposition (specific absorption rate). In

this study, localized second-order shimming was used to min-

imize the effects of field inhomogeneity. In addition, the

STEAM pulse sequence was used for spatial localization be-

cause the 90° slice-selective pulses in STEAM have excellent

slice profiles and low chemical shift dispersion effects and spe-

cific absorption rate.51,52 However, in the future, other se-

quences such as semi-LASER and/or MR spectroscopic imag-

ing sequences may be used, which provide higher SNR, spatial

resolution, and coverage.

The study also has some limitations; though subjects with

overt medical or neurologic abnormalities were excluded, the

older HIV� subjects in this study may well have had varying

degrees of risk factors commonly encountered in the general pop-

ulation, which contribute to aging and cognitive decline, such as

microvascular disease, diabetes, or hypertension. All subjects

were taking cART, which is known to affect brain metabolite con-

centrations.53 Although 3D T1WIs were recorded, no volumetric

analysis has been performed to date in these subjects because of

intensity and contrast variations due to transmit B1 inhomogene-

ity. However, we do not expect morphometric differences to sig-

nificantly affect results because metabolite ratios (relative to Cr)

are relatively insensitive to voxel composition (particularly CSF

contamination). Finally, no significant changes were observed in

the hippocampus in this study, despite the well-known impor-

tance of this structure for memory and other age-related cognitive

dysfunction.40,54,55 Lack of significant findings may be in part due

to the generally lower spectral quality obtained in this region due

to magnetic susceptibility effects from bone/air/tissue interfaces

proximal to the anterior temporal lobe, as well as partial volume

with surrounding tissue due to the small size of the hippocampus.

Spectral quality was also lower in the basal ganglia because of the

high iron content of the globus pallidus and putamen, which is

known to increase line widths in MR spectra from this region56-58;

this may have also contributed to the lack of significant group

differences or neurocognitive correlations detectable in this

region.

CONCLUSIONS
In the older subject population with HIV infection, 7T MR spec-

troscopy measurements of NAA and Glu may be useful indicators

of neuroaxonal loss or dysfunction and correlate with neuropsy-

chological performance. Therefore, 7T MR spectroscopy may be a

useful adjunct technique for monitoring disease progression or
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response to therapy in future treatment trials. Other future stud-

ies are needed to track longitudinal changes with time, as well as

comparisons with HIV-negative control subjects to determine

whether cognitive decline and brain metabolite changes occur at a

greater rate in HIV� subjects and whether there are specific met-

abolic changes only associated with HIV infection in the older

population.
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