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A B S T R A C T   

Background: Numerous studies have used magnetic resonance spectroscopy (MRS) neurometabolite measure
ments to study HIV infection effects. While many have reported differences in total N-Acetylaspartate (tNAA), 
myo-Inositol (mI), and total Choline (tCho), there have been no meta-analyses performed to evaluate con
cordance across studies. 
Purpose: To evaluate the consistency of HIV serostatus effects on brain metabolites. 
Study selection: The sample included studies conducted between 1993 and 2019 reporting HIV infection effects 
measured using proton MRS. tNAA/tCr ratios (21 papers), tCho/tCr ratios (21 papers), mI/tCr ratios (17 papers) 
and quantitative tCr (9 papers), sampling from basal ganglia (BG), gray matter (GM), and white matter (WM) 
were included. 
Data analysis: Random effects meta-analysis using inverse variance weighting and bias corrected standardized 
mean differences (SMDs) was used. Meta-regression examined effects of publication year and data acquisition 
technique differences. 
Data synthesis: BG SMDs related to positive serostatus were −0.10 [−0.39; 0.18] tNAA/tCr, 0.27 [0.05; 0.49] 
tCho/tCr, 0.60 [0.31; 0.90] mI/tCr, and −0.26 [−0.59; 0.06] tCr. GM SMDs related to serostatus were −0.29 
[−0.49; −0.09] tNAA/tCr, 0.37 [0.19; 0.54] tCho/tCr, 0.41 [0.15; 0.68] mI/tCr, and −0.24 [−0.45; −0.03] 
tCr. WM SMDs related to serostatus were −0.52 [−0.79; −0.25] tNAA/tCr, 0.41 [0.21; 0.61] tCho/tCr, 0.59 
[0.24; 0.94] mI/tCr, and −0.03 [−0.25; 0.19] tCr. WM regions showed larger serostatus effect sizes than BG 
and GM. I2 ranged from 52 to 88% for the metabolite ratios. Both GM and WM tNAA/tCr SMDs were lower with 
increasing calendar year. 
Limitations: Many studies pooled participants with varying treatment, infection, and comorbidity durations. 
Conclusions: HIV neurometabolite studies showed consistently lower tNAA/tCr, higher tCho/tCr and higher mI/ 
tCr ratios associated with chronic HIV infection. Substantial between-study variation may have resulted from 
measurement technique variations, study population differences and HIV treatment changes over time. Higher 
WM tCho/tCr and mI/tCr may reflect reactive gliosis or myelin turnover. Neurometabolite measurements can 
reliably detect chronic HIV infection effects and may be useful in understanding the pathophysiology of cog
nitive and sensorimotor decline following HIV infection. 
Classification of evidence: This study provides Class II evidence of neurometabolite differences in chronic HIV 
infection.   

1. Introduction 

Chronic HIV infection has been associated with widespread differ
ences in brain structure, brain function, cognitive and sensorimotor 
performance. While many of these effects may result from co- 

morbidities commonly observed in HIV infected individuals (O'Connor 
and Zeffiro, 2019), it has been suggested that HIV associated neu
ropsychological deficits, such as compromised executive function, 
sensorimotor function, attention and information processing speed are 
legacy effects, mediated by corticostriatal circuit dysfunction beginning 
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early after HIV infection (Küper et al., 2011; Melrose et al., 2008; Chang 
et al., 2001). With respect to underlying neural mechanisms, corticos
triatal circuit dysfunction can arise from localized damage to basal 
ganglia neurons, axons connecting basal ganglia to cortical neurons, or 
cortical elements. Consistent findings of atypical metabolite levels in 
brain regions involved in corticostriatal circuits would provide evi
dence supporting localization of associated neuropsychological dys
function. While many studies have reported regional metabolite level 
differences in HIV infected patients, there have been variations in ac
quisition methods and reported metabolite level differences comparing 
HIV infected individuals and controls. As we are not aware of any prior 
meta-analyses of HIV magnetic resonance spectroscopy (MRS) data, we 
performed a meta-analysis of neurometabolite ratio levels measured in 
HIV infected individuals using MRS to determine if consistent serostatus 
effects have been observed in different corticostriatal circuit compo
nents, including the basal ganglia, white matter and cortex. Given the 
ample neuropathological and structural and functional neuroimaging 
evidence of HIV associated injury to the basal ganglia (Berger and Nath, 
1997; O’Connor et al., 2019; O'Connor et. al, in press; Rottenberg et al., 
1996) we hypothesized that the largest metabolite level differences 
would be found in the basal ganglia. 

2. Materials and methods 

2.1. Selection of studies 

To summarize the literature on HIV effects on brain structure, we 
followed Preferred Reporting Items for Systematic Reviews and Meta- 
Analyses (PRISMA) standards. Two computerized PubMed searches 
were performed on March 3rd, 2019 with the following terms: ”HIV” 
and “Brain” and “Spectroscopy” yielding 300 records; and “HIV” and 
“Brain” and “MRS” yielding 121 records for a total of 421 records. After 
eliminating 115 duplicates from the 421 records, 306 records remained. 
First pass screening via careful examination of abstracts excluded 238 
articles because: they were animal studies (27 records), case reports (9 
records), review papers (41 records), focused on a disease other than 
HIV (11 records), included participants exposed to HIV but had nega
tive or unknown HIV status (2 records), lacked an HIV negative control 
group (54 records), had absent or limited brain spectroscopic evalua
tion (79 records), or focused on HIV complications such as progressive 
multifocal leukoencephalopathy (15 records). Because the large ma
jority of the remaining 68 full-text articles inspected for eligibility used 
cross-sectional designs, 2 longitudinal studies were excluded because 
their baseline values were not availablee1-e2. If the requisite numbers 
were not located in the text or accompanying tables, multiple attempts 
were made to contact the corresponding authors. An additional 18 of 
the remaining 66 studies were eliminated because quantitative spec
troscopy data were not available or authors did not respond to in
quiries. Six papers were excluded due to differences in the methods for 
brain metabolite measurement or analysise3-e8. Data derived from 
multi-site studies were only included once if patient groups over
lappede9-10. As a result, 41 papers dating from 1993 to 2018 were in
cluded in the meta-analysis (Fig. 1). 

Because of literature heterogeneity in reported brain metabolites, 
only the most frequently assessed metabolites were included, with 41 
studies reporting tNAA/tCre9, e11-e50, 38 studies reporting tCho/tCre9, 

e11-e13, e15-e31, e33, e35-e50, 26 studies reporting mI/tCr e9, e12, e13, e15, e17- 

e21, e24-e27, e32, e34, e35, e37, e39, e41-e43, e45-e47, e49, e50 and 10 reporting 
absolute tCre11, e15, e18, e19, e21, e25, e37, e43, e47, e50. Metabolite ratios 
were derived from basal gangliae9, e11, e12, e15, e18, e19, e21, e24-e26, e30, e31, 

e35, e37-e39, e43, e46, e49, e50, white mattere9, e11-e13, e15-e19, e21-e29, e32, e34, 

e36, e37, e39-e43, e45, e48, e49, and grey mattere9, e12-e15, e18-e21, e24-e28, e31- 

e33, e36, e37, e39, e43-e45, e47, e49 (Table 1). Fig. 2 demonstrates an example 
of voxel selection in the BG, GM and WM, although there was variation 
in the precise locations studied and voxel size (Table 1). Brain meta
bolite ratios were recorded directly when available and computed from 

absolute mean values when needed. In such cases, standard deviation 
ratios were also derived. Standard deviation values were calculated 
from standard errors when applicable. In studies with multiple HIV 
infected participant groups stratified by immunosuppression severity 
(CD4 count) or presence/absence of cognitive deficitse9, e17, e22, e30, e34, 

e39, e41, e43, e47, weighted means and standard deviations were calcu
lated. In studies comprising subsets of treated and untreated HIV par
ticipantse13, e29, the treatment naive groups were excluded. Participants 
with acute HIV infection were not included in the analysis. For quality 
assurance data extraction was performed by two analysts and cross- 
checked to ensure accuracy. Methods reported in studies reporting 
outlier values were re-examined and removed if acquisition or analysis 
methods could not be assessed. 

2.2. Regions sampled 

Regions were selected from the cerebral WM in 30 out of the 41 
(73.2%) included studies. Voxel locations included the frontal WM 
(63.3%), the centrum semi-ovale (16.7%), the parieto-occipital WM 
(16.7%) and total white matter (3.3%). Five of the 30 papers sampled a 
second area in the parietal WM. 

Cortical GM was sampled in 25 out of the 41 (61%) included stu
dies. Voxel locations included the frontal cortex (30.6%), the parietal 
cortex (19.4%), the anterior cingulate gyrus (13.9%), the posterior 
cingulate gyrus (19.4%), the occipital cortex (8.3%), the para
hippocampal gyrus (2.8%), the insular cortex (2.8%) and total grey 
matter (2.8%). 9 of these papers sampled more than one grey matter 
location. 

The BG was sampled in 20 out of the 41 (48.8%) included studies. 
Regions included BG, non-specified (50%), caudate nucleus (20%), 
striatum (10%), lenticular nucleus (5%) and putamen (5%). 

Statistical modeling was done using R version 4.0.2 (R Core Team, 
2020). We used the R meta-analysis library metaphor (Viechtbauer, 
2010) to estimate the Cohen’s d standardized mean difference (SMD) 
between seropositive and seronegative groups. Using tNAA/tCr, tCho/ 
tCr, mI/tCr and tCr for BG, GM and WM regions from each study, we 
calculated a weighted average of these estimates across studies. Mod
eling incorporated an inverse variance method, the DerSimonian-Laird 
estimator for Tau2, using Cohen's d as the SMD estimate. This method 
incorporates the assumption that different studies estimate different, 
but related, intervention effects, resulting in a random-effects meta- 
analysis (DerSimonian and Laird, 1986). I2 and Tau2 were used to es
timate properties of the true and observed effect sizese51. Tau2 is the 
variance of the true effect sizes. I2 is the proportion of variability in the 
observed effects reflecting true effects, varying from 0 to 100%. We 
report model results using SMD and 95% confidence intervals (CI). For 
comparison with older studies, p values are shown in Table 2. Since 
multiple meta-analysis models based on the same studies were run, we 
chose a conservative critical threshold of p  <  .01 to afford protection 
against false positives and explored study bias by examining plots of 
sample size vs. effect size. To explore possible moderating effects of 
uncontrolled variables, we used meta-regression to examine imaging 
protocol and publication year effects. 

3. Results 

Separate random effects meta-analysis models were run for each 
combination of metabolite (tNAA/tCr, tCho/tCr, mI/tCr, and quanti
tative tCr) and region (BG, GM and WM). Table 2 summarizes meta
bolite ratio results including SMD between seropositive and ser
onegative cohorts, study heterogeneity and between-study variance 
measures. 

3.1. Serostatus effects on BG metabolite ratios 

BG regions exhibited lower tNAA/tCr (Fig. 3A), higher tCho/tCr, 
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(Fig. 3B) and higher mI/tCr metabolite ratios related to positive ser
ostatus (Fig. 3C). 

3.2. Serostatus effects on GM metabolite ratios 

GM regions revealed lower tNAA/tCr (Fig. 4A), higher tCho/tCr, 
(Fig. 4B) and higher mI/tCr metabolite ratios related to positive ser
ostatus (Fig. 4C). 

3.3. Serostatus effects on WM metabolite ratios 

Random effects meta-analysis of WM regions revealed lower tNAA/ 
tCr, (Fig. 5A), higher tCho/tCr, (Fig. 5B) and higher mI/tCr metabolite 
ratios related to positive serostatus (Fig. 5C). 

3.4. Serostatus effects on tCr 

Although tCr is commonly assumed to provide a stable reference, 
many research groups recognize that this may not be the case, and now 

Fig. 2. Representative voxel locations in (A) white matter, (B) basal ganglia and (C) gray matter used in sampled studies with spectra recorded (bottom row) using 
short TE (35 ms) at 3 T from each voxel. Peaks are identified from total creatine (tCr), total choline (tCho), total N-acetylaspartate (NAA), as well as myo-inositol (mI) 
and the combination of glutamate and glutamine (Glx). Broader spectral linewidths in the basal ganglia compared to GM and WM, likely due to the increased iron 
content of this region. 

Table 2 
Summary of metabolite ratio results in the BG, GM and WM. SMD = standardized mean difference; 95% CI = confidence interval; Q = the sum of the squared 
deviations of the observed effects on a standard scale; d.f. = degrees of freedom; I2 = the proportion of the observed variance that reflects variation in true effects; 
Tau2 = estimate of the variance of the true effects; p values for null hypothesis statistical testing results of serostatus group effects and study heterogeneity, not 
corrected for multiple tests.            

Regional metabolite SMD CI Test of SMD = 0: z p Q d.f. p I2 Tau2  

BG tNAA/tCr −0.10 [−0.39; 0.18] −0.7  0.48 101 19  <  0.001 81%  0.34 
BG tCho/tCr 0.27 [0.05; 0.49] 2.4  0.015 57 19  <  0.001 67%  0.15 
BG mI/tCr 0.60 [0.31; 0.90] 4.0   < 0.001 67 15  <  0.001 78%  0.26 
BG tCr −0.26 [−0.59; 0.06] −1.6  0.11 31 8  <  0.001 74%  0.18           

GM NAA/tCr −0.29 [−0.49; −0.09] −2.9  0.004 77 24  <  0.001 69%  0.16 
GM tCho/tCr 0.37 [0.19; 0.54] 4.2   < 0.001 45 22 0.002 52%  0.08 
GM mI/tCr 0.41 [0.15; 0.68] 3.1  0.002 72 18  <  0.001 75%  0.24 
GM tCr −0.24 [−0.45; −0.03] −2.2  0.017 9.6 7 0.22 27%  0.02           

WM NAA/tCr −0.52 [−0.79; −0.25] −3.8   < 0.001 171 27  <  0.001 84%  0.41 
WM tCho/tCr 0.41 [0.21; 0.61] 4.0   < 0.001 91 26  <  0.001 71%  0.19 
WM mI/tCr 0.59 [0.24; 0.94] 3.3  0.001 149 18  <  0.001 88%  0.51 
WM tCr −0.03 [−0.25; 0.19] −0.3  0.77 11 7 0.14 36%  0.04  
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Fig 3. Basal Ganglia. Forest plots showing standardized mean differences 
(SMD) across studies comparing seropositive to seronegative participants in BG 
ROIs for (A) tNAA/tCr ratios, (B) tCho/tCr ratios, and (C) mI/tCr ratios. 

Fig 4. Gray Matter. Forest plots showing standardized mean differences (SMD) 
across studies comparing seropositive to seronegative participants in GM ROIs 
for (A) tNAA/tCr ratios, (B) tCho/tCr ratios, and (C) mI/tCr ratios. 
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use alternative reference signals such as brain water. Also, HIV infec
tion could influence quantitative tCr concentrations, possibly biasing 
metabolite ratio estimates. We therefore investigated whether the tCr 
concentrations in BG, GM or WM regions varied with serostatus. BG 
measurements revealed lower tCr concentrations related to serostatus 
(Fig. 6A). GM exhibited lower tCr levels related to serostatus (Fig. 6B). 
WM also exhibited lower tCr concentrations related to serostatus 
(Fig. 6C). Although none of these tCr group differences exceeded a 
p  <  .01 null hypothesis significance testing critical threshold and 
exhibited broad 95% CIs, the associated SMDs for BG (−0.26) and GM 
(−0.24) were sufficiently large to potentially affect associated meta
bolite ratios. Nevertheless, the number of studies reporting quantitative 
tCr was quite low, so further exploration of quantitative metabolite 
effects following HIV infection are warranted. In summary, although 
quantitative tCr regional measurements were lower in the seropositive 
groups in the three sampled regions, the lack of statistically significant 
group differences permitted use of quantitative tCr in computing me
tabolite ratios for this retrospective analysis. tCr that does not differ 
between groups, or is stable within groups in longitudinal studies, 
should be demonstrated when ratios using tCr as the denominator are 
presented. absolute quantification of metabolite concentrations is 
deemed preferable to metabolite ratios in prospective studies to de
termine the source of observed differences with greater certainty 
(Jansen et al., 2006). 

3.5. Regional variation in neurometabolite results 

The observed pattern of metabolite differences was similar across 
the sampled cortical and subcortical regions, consistent with a wide
spread spatial effect of HIV infection. The largest negative tNAA/tCr 
differences and positive tCho/tCr and mI/tCr differences were seen in 
WM (Fig. 7). 

3.6. Possible confounding influences 

HIV infection is associated with inordinately variable brain effects, 
many of which almost certainly arise from a diverse collection of co
morbid conditions (O'Connor and Zeffiro, 2019). Even using neuroi
maging data collected recently from treated, virally suppressed pa
tients, it has been extremely difficult to isolate pre-treatment legacy 
viral and immune system effects from possible ART treatment effects, 
cardiovascular or neurovascular co-morbidity effects, illegal drug use 
effects, smoking effects, or aging effects, just to enumerate some of the 
known confounds. 

HIV treatment patterns changed substantially over the 1993–2019 
period spanned by the analysis, with early studies including more un
treated and later studies including more treated patients. The associated 
degree of viral suppression and immune system reconstitution changed 
over time as a consequence, raising the possibility that observed neu
rometabolite differences might be confounded by calendar year effects. 
We explored these possible time varying influences using both meta- 
regression and sensitivity analysis. 

First, we used meta-regression to examine effects of study year and 
image acquisition parameters. Figs. 3–5 show the between-group ser
ostatus SMDs ordered by calendar year. Visual examination of the 
temporal serostatus SMD trend suggests an apparent reduction in be
tween-group serostatus effects with time in both GM and WM tNAA/ 
tCr. In Fig. 8, SMD is plotted against calendar year, with the size of the 
plotting symbol inversely proportional to the variance of the estimated 
SMD. For GM tNAA/tCr, the calendar year effect estimate was b = 0.02 
[−0.0035 0.045], representing a non-significant reduction in serostatus 
effect with time. For WM tNAA/tCr, the calendar year effect estimate of 
b = 0.035 [−0.0029 0.068] was larger. For both GM and WM, the 
tNAA/tCr ratio difference was smaller in recent years, consistent with 
less damage to neuronal integrity. In contrast, neither visual inspection 
of the ordered SMDs for GM tCho/tCr or mI/tCr or meta-regression 

Fig 5. White Matter. Forest plots showing standardized mean differences (SMD) 
across studies comparing seropositive to seronegative participants in WM ROIs 
for (A) tNAA/tCr ratios, (B) tCho/tCr ratios, and (C) mI/tCr ratios. 
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using calendar year suggested an effect of time. 
Similar concerns involve changes in MRS acquisition techniques 

with time. Between 1993 and 2019, MRI system evolution saw in
creasing use of higher magnetic field strength systems in clinical re
search. The related higher signal-to-noise ratios could influence the fi
delity of metabolite ratio estimates. To explore this possibility, we also 
performed meta-analysis incorporating magnetic field and acquisition 

voxel volume as predictors. For the region/metabolite combinations 
suggesting weak calendar effects, we failed to observe field strength or 
voxel volume moderation of serostatus effects, for GM tNAA/tCr voxel 
volume b = 0.00 [−0.00 0.00] or field strength b = 0.0934 [−0.10 
0.33] and WM tNAA/tCr voxel volume b = 0.00 [−0.0001 0.00] or 
field strength b = 0.24 [−0.18 0.61]. 

Finally, as the meta-regression with year as a predictor suggested a 
weak effect of time, we also ran a sensitivity analysis in which sample 
(n  <  32) or early (pre-1998) studies were excluded, with 1998 se
lected as a time 3 years after the introduction of the more effective 
protease inhibitors. This analysis accounted nonlinear effects of time in 
early years, removes any contribution from small studies and com
pletely removed the influence of studies performed before the wide
spread introduction of ART. While exclusion of small and older studies 
was associated with a general reduction in between-group effect sizes, 
the between-group effects remained significant, supporting the main 
claims of the paper, namely that chronic HIV infection is associated 
with a range of reliable metabolite changes. The sensitivity analysis 
revealed the same consistent pattern of results as the main analysis, 
increasing our confidence that the observed HIV infection related 
changes in brain metabolites could not be explained by incorporation of 
small sample studies or studies carried out before the introduction of 
combined ART. 

4. Discussion 

4.1. Summary of results 

We observed HIV effects in all regions examined, including BG, GM 
and WM. Effect sizes exceeding 0.25 were seen for 8/9 of the region and 
metabolite combinations, including BG tCho/tCr, BG mI/tCr, GM 
tNAA/tCr, GM tCho/tCr, GM mI/tCr, WM tNAA/tCr, WM tCho/tCr, and 
WM mI/tCr. Thus, chronic HIV infection is associated with widespread 
metabolite effects across multiple brain tissue compartments. This 
spatial and molecular pattern is consistent with at least three different 
explanations, including 1) legacy direct viral effects, 2) persisting im
mune system effects, or 3) co-morbidity effects on brain function that 
are regionally specific in individuals, but more spatially non-specific 
when aggregating measurements from participant groups with in
dividually varying co-morbidity profiles. The latter possibility is parti
cularly supported by the high heterogeneity estimates observed, sug
gesting that the majority of the observed variance was between studies, 
possibly resulting from many reports pooling participants with differing 
patterns of treatment duration, disease duration and comorbidities. 

Fig 6. Forest plots showing standardized mean differences (SMD) in tCr across 
studies comparing seropositive to seronegative participants in BG (A), GM (B) 
and WM (C) ROIs for tCr. 

Fig. 7. Summary of regional effect sizes of HIV seropositivity in the BG, GM and WM for tNAA/tCr ratios, tCho/tCr ratios, mI/tCr ratios and tCr. Bars show effect size 
and associated 95% confidence interval for the different regions and metabolites. The related Z score is plotted above each bar. 
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4.2. What are the functional roles of the measured metabolites? 

The functional roles of the affected metabolites provides clues 
concerning the mechanism by which HIV infection is associated with 
neurometabolite level differences. tNAA is synthesized in neuronal 
mitochondria, reflects cell body and axonal metabolism, and is believed 
to provide a reliable index of neuronal integrity. Found only in neurons, 
dendrites and axons, it provides a measure of neuronal integrity that 
can be affected by a range of diseases. If neuronal damage was the 
principal mechanism at work, the tNAA differences would be expected 
to occur in isolation, not accompanied by higher tCho or mI (Fig. 7). 
Rather than resulting from HIV infection, the observed variations in 
tNAA may stem from neuronal damage seen in co-morbid diseases 
commonly associated with chronic HIV. As the frequency of co-morbid 
disease in chronic HIV has changed in recent years, the smaller tNAA/ 
tCr effects we observed in GM and WM may reflect improved general 
medical care. In addition, while many MRS studies report progressive 
decline in tNAA in healthy aging populations (Eylers et al., 2016; Ding 
et al., 2016), other studies do not confirm these findings (Haga et al., 
2009). 

In contrast, tCho is a cell membrane marker, increasing with cell 
membrane disruption, cell proliferation and active demyelination. In 
chronic HIV, elevated tCho levels could reflect microglial proliferation, 
since glial cells are thought to have high tCho levels (Harezlak et al., 
2014). Consistent with tCho’s prominent role in glia, the tCho/tCr 
differences associated with seropositivity were largest in WM (Fig. 7). 
Although tCho/tCr increases occur in acute HIV infection, these al
terations can be attenuated, and possibly reversed with ART initiation 
(Young et al., 2014; Sailasuta et al., 2012). It is notable that mI, also 
higher in glial cells than neurons, increases with brain inflammation or 
gliosis. While elevated mI has been reported in the BG, WM and cortical 
GM of cognitively normal HIV infected patients (Harezlak et al., 2011), 
greater metabolite differences are associated with greater cognitive 
impairment (Mohamed et al., 2010). 

Unlike tNAA/tCr, tCho/tCr and mI ratios did not appear to diminish 
with calendar year, suggesting that the responsible processes are still at 
work in patients with early and adequate viral suppression. Taken to
gether, the metabolite pattern in chronic HIV is consistent with ongoing 
inflammation or membrane turnover involving oligodendrocytes and 
provides a strong hypothesis for future study. 

All of the neurometabolite ratios reported in this study used tCr as 
the denominator. As it is possible that chronic HIV infection may affect 
tCr concentrations, we examined the stability of tCr concentrations 
across GM, WM and BG regions. tCr represents metabolites required for 
energetic supply of biochemical processes. Because creatine and phos
phocreatine have similar chemical composition, their spectra are 

virtually identical on clinical MR scanners operating at 1.5 or 3 T, and 
typically their sum (tCr) is reported (Hajek and Dezortova, 2008). Be
cause we failed to observe significant differences in estimated tCr 
concentrations related to HIV infection, metabolite ratios formed with a 
tCr denominator were used for the meta-analysis models. 

4.3. Is the observed metabolite profile specific to HIV effects? 

We observed between-group metabolite effects in multiple brain 
tissue compartments, which was somewhat unexpected, as many lines 
of evidence suggest that the basal ganglia are preferentially affected by 
HIV infection. Moreover, it could be clinically useful if HIV infection 
was associated with a unique metabolic profile. The HIV group meta
bolite profile exhibited elevated tCho/tCr and mI/tCr in all sampled 
regions, reflecting inflammation and gliosis, and decreased cortical GM 
and WM tNAA/tCr, reflecting neuronal injury. The largest serostatus 
effect size was observed for mI/tCr. The weakest effects were observed 
for tNAA/tCr, suggesting that many pooled HIV infected participants 
may not have the sorts of severe cognitive deficits that are known to 
accompany neuronal loss. The metabolite differences reported in this 
study are consistent with known HIV associated effects on WM micro
structure, cortical and subcortical GM macroarchitecture (O’Connor 
et al., 2019; O'Connor et al., 2017, 2018; Sanford et al., 2018a, 2018b; 
Cole et al., 2018). Although there is ample evidence of HIV effects on 
basal ganglia structure (O’Connor et al., 2019; Becker et al., 2011; 
Ances et al., 2012), weaker tCho/tCr and absent tNAA/tCr metabolite 
alterations in the basal ganglia are likely related to poor B0 field 
homogeneity in this region due to high striatal iron (ferritin) content. 
Water and metabolites in the vicinity of ferromagnetic ferritin mole
cules experience variable B0 magnetic field strengths, which lowers 
spectral signal-to-noise ratios and increases linewidths, thereby in
creasing uncertainty in the estimates of metabolite ratios and levels 
(Drayer et al., 1986). 

4.4. Co-morbidity and aging effects 

Co-morbidity effects may vary spatially in individual chronic HIV 
participants and combine in different proportions to form more uniform 
patterns in aggregated groups. For example, illicit drug use, excessive 
alcohol use and chronic cigarette smoking have often been associated 
with regionally specific brain metabolite effects. These effects can 
persist, as lower levels of tNAA and tCho are reported in recently sober 
alcoholics relative to healthy controls in several brain regions, parti
cularly the frontal lobes and cerebellum (Durazzo et al., 2004; 
Schweinsburg et al., 2003; Bendszus et al., 2001). In addition, alcohol 
abuse can augment HIV associated brain metabolite differences 

Fig. 8. There was progressive, but non-significant, reduction in between-group serostatus effects with calendar year in (A) GM and (B) WM tNAA/tCr ratios.  
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(Meyerhoff et al., 1995). Smoking is associated with lower NAA, tCr 
and mI levels in the dorsolateral prefrontal cortex and lower lenticular 
nuclei NAA levels in otherwise healthy young and middle age adults 
(Durazzo et al., 2016) and there is evidence that chronic smoking ex
acerbates metabolite differences in alcohol dependent individuals 
(Durazzo et al., 2004) and impairs metabolite recovery during ab
stinence (Durazzo et al., 2006; Gazdzinski et al., 2008). Abstinent co
caine users have 10% lower tNAA in prefrontal cortex (Crocker et al., 
2017) and higher tCho in frontal lobe (Hulka et al., 2016) compared to 
healthy controls. Metabolite alterations associated with methampheta
mine dependence are inconsistent, with lower tNAA reported in dor
solateral prefrontal cortex and anterior cingulate cortex and lower tCho 
in dorsolateral prefrontal cortex (Howells et al., 2014; Nordahl et al., 
2005). Nevertheless, others have found no tNAA differences associated 
with methamphetamine dependence in the anterior cingulate cortex, 
frontal white matter and basal ganglia (Lin et al., 2015; Ernst and 
Chang, 2008). While there are fewer published studies on metabolite 
profiles in opioid addicts, one study found increased tCho levels in the 
frontal white matter (Hermann et al., 2012) while another reported 
lower levels of tNAA, tCr and mI in the dorsolateral prefrontal cortex 
and anterior cingulate cortex, with the lower tNAA levels correlating 
with poorer working memory, executive and visuospatial functioning 
(Murray et al., 2016;7.). From these results, it is clear that drug and 
alcohol use in concert with chronic HIV infection can affect brain me
tabolites in multiple cortical and subcortical regions. 

The studies included in our various meta-analyses included parti
cipants of various ages. Typical aging is sometimes reported to be as
sociated with gradual neural metabolite alterations, such as tNAA re
duction associated with GM volume decreases, tCr decreases and tCho 
and mI increases in WM, likely as the result of increased small glial cell 
density (Ding et al., 2016; Haga et al., 2009; Maudsley et al., 2012). 
Averaged over the whole brain, tNAA decreases by 2.3% per decade for 
GM and 0.5% per decade for WM. Compared to typical aging, the 
magnitude of the age-dependent differences of tCr and tCho we ob
served were much larger and greatest in WM, with whole-brain average 
increases of 3.5% per decade for tCr and 5.8% per decade for tCho 
(Maudsley et al., 2009). 

Previous work has demonstrated that aging and HIV infection have 
independent effects on striatal volume, with additive structural effects 
(O’Connor et al., 2019). A recent MRS study showed additive effects of 
HIV and aging on NAA/tCr ratios in treated HIV infected 
individuals (Boban, 2018). Examination of other regional neurometa
bolite ratios in datasets with subject-level age information could allow 
investigation of whether MRS and structural measures show similar 
relations to age and serostatus. 

4.5. Are metabolite differences associated with cognitive differences? 

As many as 50% of HIV infected patients develop neuropsycholo
gical deficits despite receiving ART and achieving systemic viral sup
pression (Heaton et al., 2010). Better understanding the relationship of 
metabolite differences to cognitive function in HIV infection might 
provide insight into the mechanisms of associated cognitive impair
ment. Lower tNAA/tCr levels are associated with poorer neuropsycho
logical performance in HIV infected individuals (Mohamed et al., 2018; 
Laubenberger et al., 1996). Lower WM tNAA/tCr has been associated 
with worse performance on measures of executive function, fine motor, 
and psychomotor speed (Mohamed et al., 2018). Lower tNAA/tCr in the 
posterior cingulate cortex was associated with poorer performance on 
tests of psychomotor speed and lower precuneus tNAA/tCr was asso
ciated with worse performance on the Stroop Test, a test of processing 
speed and attention (Mohamed et al., 2018). tNAA reductions have also 
correlated with poorer cognition in other neurological diseases such as 
vascular cognitive impairment (Gasparovic et al., 2013) and Alzhei
mer’s disease (Godbolt et al., 2006). As was the case with age, it was not 

possible to perform meta-regression on neuropsychological perfor
mance variables, as using summary group level subject variables can 
result in ‘ecological’ bias in parameter estimates (Robinson, 2009). 

4.6. Isolation of causes of neuropsychological decline 

As the HIV infected population steadily ages, cognitive decline 
could result from typical aging effects, viral effects or associated neu
rodegenerative illness. Alzheimer disease (AD) and mild cognitive im
pairment (MCI) are associated with brain metabolite differences 
(Meyrhoff et al., 1994; MacKay et al., 1996). Lower tNAA/tCr ratios 
have been reported in the posterior cingulate gyrus, mesial temporal 
lobe, occipital lobe, parietal lobe, and frontal white matter in associa
tion with AD (Godbolt et al., 2006; Antuono et al., 2001; Block et al., 
2002; Jessen et al., 2000; Kantarci et al., 2008; Hattori et al., 2002) and 
in the posterior cingulate gyrus in mild cognitive impairment (Kantarci 
et al., 2003). Higher mI/tCr ratios are reported in frontal and parietal 
white matter and parietal temporal cortex in AD (Kantarci et al., 2003; 
Siger et al., 2009; Chantal et al., 2002) and in the parietal white matter 
and posterior cingulate gyrus in MCI (Kantarci et al., 2003, 2000; Siger 
et al., 2009). tCho/tCr levels can also be higher in the posterior cin
gulate gyrus in AD (Kantarci et al., 2000). While AD associated meta
bolite differences are similar to those reported with chronic HIV in
fection, their spatial distribution may differ. Nevertheless, basal ganglia 
metabolite alterations in AD and MCI have not been studied in suffi
cient detail compared to HIV infection to allow firm conclusions con
cerning their spatial distribution. 

While MRS measurements alone may not be able to differentiate the 
cognitive effects of chronic HIV infection compared to AD, a distinction 
of growing importance in the aging HIV population, they do provide a 
greater understanding of pathophysiologic mechanisms underlying HIV 
associated behavioral differences. The mI increases early in HIV infec
tion suggest microglial proliferation, whereas NAA decreases occurring 
in chronic disease, indicates neuronal damage. 

Other CNS viral infections demonstrate brain metabolite patterns 
similar to HIV (Thames et al., 2015; Gupta et al., 2012). Nevertheless, 
peripheral laboratory markers and CSF analysis are typically used to 
facilitate differential diagnosis. 

Although the HIV metabolite signature shares characteristics with 
AD and MCI, it may be useful for distinguishing HIV associated cogni
tive differences from vascular ischemic dementia, which can be asso
ciated with lower tNAA, tCr and tCho (Gasparovic et al., 2013) sec
ondary to metabolic dysfunction or cell death, but no difference in 
cortical mI (Shiino et al., 2012; Kantarci et al., 2004). Therefore, tCho/ 
tCr, GM mI/tCr may be useful biomarkers in cohort studies for distin
guishing HIV related cognitive deficits from vascular dementia. 

In summary, the HIV CNS metabolite profile lacks high specificity 
because of its substantial overlap with other patterns seen in aging, 
chronic substance use, other viral infections and cognitive disorders. 
Because of this overlap, additional information may be useful for dif
ferentiation. For example, to differentiate AD from HIV associated 
neuropsychological differences, adding information from quantitative 
volumetric analysis of the hippocampus, may be useful (Vemuri and 
Jack, 2010), as HIV infection is generally not associated with hippo
campal atrophy. CSF analysis is typically useful for differentiating CNS 
viral illnesses. 

4.7. Between study variation and its possible sources 

The various heterogeneity statistics express different properties in
volving variation in true and observed study effects. Possible technical 
sources of between-study heterogeneity examined included variations 
in field strength, publication year, echo time, voxel volume and analysis 
method (Table 1). Using meta-regression to explore possible moder
ating effects of calendar year, we found lower, but non-significant, 
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between-group SMDs with increasing calendar year, observing lower 
tNAA/Cr in both GM and WM. HIV treatment patterns changed sub
stantially over the 1993–2019 period spanned by the analysis, with 
more effective protease inhibitors introduced in 1995. As a con
sequence, early studies included more untreated and later studies in
cluded more treated patients. Even so, our sensitivity analysis re
stricting models to studies done after 1997 did not provide strong 
evidence for variable treatment effects with time. 

In addition, acquisition parameters that varied across studies, in
cluding voxel volume and field strength, did not moderate serostatus 
effects. As both patients and controls in each study were examined on 
the same systems, using the same acquisition parameters, it might be 
expected that any associated MR signal-to-noise variations would sub
tract out and thereby not influence estimates of between-group ser
ostatus effects. 

4.8. Limitations 

Chronic HIV infection is often accompanied by multiple con
founders such as premorbid IQ, substance use, depression and cere
brovascular disease, all of which may contribute to cognitive deficits 
(O'Connor and Zeffiro, 2019; Heaton et al., 2010; Maki et al., 2015). 
The effects of many study characteristics are difficult to explore with 
meta-regression because aggregating individual subject variables 
within a study for use in meta-regression can result in ecological bias in 
the resulting parameter estimates (Berlin et al., 2002). This phenom
enon is sometimes referred to as ecological fallacy when inferences 
about individual characteristics are made from inferences about the 
group containing those individuals. Although it was not possible to 
explore these biologic effects with the tools of meta-regression, it is very 
likely that many of these confounding variables contributed strongly to 
the observed between-study variation, motivating further exploration 
of potential modulating effects of biologic variables with datasets in
corporating subject-level measures. 

As with most meta-analyses, not all eligible studies were included in 
this study due to inaccessibility of data emphasizing the need for 
standardized reporting in MRS measurements. There were many 
sources of demographic variability among the included studies, such as 
participants’ infection duration, treatment status, age, educational level 
and presence of comorbidities that may also affect metabolite levels. 

A technical consideration is related to the fact that concentration 
ratios may not match peak area ratios. Metabolite concentration values 
may be influenced by other factors that may not be included in ratio 
computation such as relaxation time corrections or the number of 
protons per functional group. Even so, we did not expect that these 
factors would bias the between-group estimates, instead contributing to 
between-study heterogeneity. 

Finally, there was MRS acquisition parameter variation across the 
included studies. Nevertheless, meta-regression results did not suggest 
that these acquisition differences contributed to the observed serostatus 
effects. 

5. Conclusions 

Published studies of HIV effects on brain metabolites exhibit sub
stantial variations in metabolite ratio estimates that may result from 
measurement technique variations or differences in HIV treatment 
practice over the meta-analysis study period. Nevertheless, metabolite 
measures showing lower tNAA/tCr, greater tCho/tCr and greater mI/ 
tCr are consistent and can be reliably used to detect the effects of 
chronic HIV infection. The largest effect sizes were observed in WM 
tNAA/tCr, tCho/tCr and mI/tCr, suggesting that they may be useful as 
biomarkers in clinical trials. The observed WM effects in chronic HIV 
may result from ongoing processes causing gliosis or affecting oligo
dendrocyte function. 

Longitudinal studies of HIV infected participants and multi-study 

statistical modeling approaches incorporating subject-level data are 
needed to pursue these possibilities in more detail. 
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