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ABSTRACT

BACKGROUND: Diffusion tensor imaging has been widely used to measure HIV effects on white matter microarchitecture. While many
authors have reported reduced fractional anisotropy and increased mean diffusivity in HIV, quantitative inconsistencies across studies are
numerous.

PURPOSE: Our aim was to evaluate the consistency across studies of HIV effects on DTI measures and then examine the DTI reliability in
a longitudinal seropositive cohort.

DATA SOURCES: Published studies and investigators.

STUDY SELECTION: The meta-analysis included 16 cross-sectional studies reporting fractional anisotropy and 12 studies reporting mean
diffusivity in the corpus callosum.

DATA ANALYSIS: Random-effects meta-analysis was used to estimate study standardized mean differences and heterogeneity.
DTI longitudinal reliability was estimated in seropositive participants studied before and 3 and 6 months after beginning treat-
ment.

DATA SYNTHESIS: Meta-analysis revealed lower fractional anisotropy (standardized mean difference, �0.43; P � .001) and higher mean
diffusivity (standardized mean difference, 0.44; P � .003) in seropositive participants. Nevertheless, between-study heterogeneity ac-
counted for 58% and 66% of the observed variance (P � .01). In contrast, the longitudinal cohort fractional anisotropy was higher and mean
diffusivity was lower in seropositive participants (both, P � .001), and fractional anisotropy and mean diffusivity measures were very stable
during 6 months, with intraclass correlation coefficients all �0.96.

LIMITATIONS: Many studies pooled participants with varying treatments, ages, and disease durations.

CONCLUSIONS: HIV effects on WM microstructure had substantial variations that could result from acquisition, processing, or cohort-
selection differences. When acquisition parameters and processing were carefully controlled, the resulting DTI measures did not show high
temporal variation. HIV effects on WM microstructure may be age-dependent. The high longitudinal reliability of DTI WM microstructure
measures makes them promising disease-activity markers.

ABBREVIATIONS: AD � axial diffusivity; cART � combination antiretroviral therapy; CPE � CNS penetration effectiveness; FA � fractional anisotropy; MD � mean
diffusivity; RD � radial diffusivity; SMD � standardized mean difference

The advent of combination antiretroviral therapies (cART) for

HIV has resulted in both increases in life expectancy and de-

creases in mortality.1 While cART successfully controls HIV

viremia and reconstitutes immune function,2 the effects of per-

sisting HIV infection and its treatments on brain structure and

function are less clear. The incidence of HIV-associated dementia

declines following cART initiation,3 and cART is sometimes asso-
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ciated with improved cognitive function.4 Nevertheless, cognitive

deficits can persist in treated HIV infection,3 with some suggest-

ing that the neuropsychological impairment pattern changes,

rather than its prevalence.5 Factors such as comorbidity burden,

cognitive reserve, nadir T-helper (CD4) cell count, and age may

also contribute to cognitive impairment.6-9

While CD4 cell count and viral load are generally used to di-

agnose infection and monitor treatment response, they do not

necessarily reflect the direct and indirect brain effects of HIV in-

fection. HIV enters the central nervous system soon after infec-

tion10 and persists after treatment.11 Before the cART era, CSF

HIV RNA levels correlated with the severity of cognitive impair-

ment12 but cART reduced CSF levels of HIV-1 RNA.13 Neverthe-

less, with cART there is no strong association between cognitive

impairment and concurrent CSF or peripheral viral load,14 and

several studies have shown that cognitive impairment may de-

velop during viral suppression.15-18

Neuropsychological testing is often used to estimate HIV

CNS effects, even though assessment is time-intensive and

possibly subject to practice effects.19 Nevertheless, the HIV

neuropsychological profile associated with cognitive impair-

ment is debated,5,9,20 suggesting that behavioral measures may

not be optimal for measuring the ongoing CNS involvement.

The absence of measurable, consistent cognitive changes re-

lated to HIV disease activity motivates the search for objective

biomarkers of the CNS effects of HIV infection. Histopathologic

evidence of HIV infection effects ranges from inflammation asso-

ciated with gliosis and increased perivascular macrophages to de-

generative pathology manifested as diffuse myelin pallor and ax-

onal damage.21,22 This evidence of white matter involvement has

led to cross-sectional studies with diffusion tensor imaging to

study WM microarchitecture following HIV infection, with many

finding decreased fractional anisotropy (FA)21,23-32 and increased

mean diffusivity (MD).21,26,29,30,32,33 However, there have also

been puzzling inconsistencies, with studies demonstrating results

of opposite polarity, namely increased FA and decreased MD in

the corpus callosum or other WM tracts.30,31,33-35 It would be

useful to have consistency estimates of any serostatus effects

across studies and temporal reliability estimates of these effects in

individuals to evaluate the utility of using WM microstructure

measures for tracking the progression of HIV infection in the

brain.

These issues prompted us to first do a meta-analysis of studies

reporting callosal microstructure changes following HIV infec-

tion and then to examine the longitudinal stability of WM micro-

structural measures in seropositive participants before the initia-

tion of cART and 3 and 6 months thereafter.

MATERIALS AND METHODS
Meta-Analysis of HIV Effects in the Corpus Callosum
To summarize the literature on WM microstructure changes as-

sociated with HIV infection, we performed a computerized liter-

ature PubMed search on April 25, 2016, by using the terms

“(“hiv”[MeSH Terms] OR “hiv”) AND (“brain”[MeSH Terms]

OR “brain”[All Fields]) AND (“diffusion tensor imaging”[MeSH

Terms] OR (“diffusion”[All Fields] AND “tensor”[All Fields]

AND “imaging”[All Fields]) OR “diffusion tensor imaging” [All

Fields]),” yielding 82 records. Of these, 28 studies were excluded

for the following reasons: 1) Studied participants were not in-

fected with HIV, 2) studies were performed in animal models, 3)

they were review articles, 4) they were case reports, or 5) they

examined participants with perinatal HIV exposure who were not

infected. Given the variability in the ROIs from which FA and MD

were measured, we chose to focus on the corpus callosum because

it is the largest WM fiber tract in the brain and was the most

frequent measurement target.

Of the 54 eligible full-text articles, 16 cross-sectional studies of

patients with HIV infection and controls that were completed

between 2001 and 2016 were included in the meta-analysis, with

12 studies reporting both FA and MD values and 4 studies report-

ing only FA values. Because 3 articles did not report complete

FA and MD values, the results were obtained from the authors.

The remaining studies were excluded for the following reasons:

1) Numeric values for FA and MD were not reported for either

seropositive or seronegative participants (authors of these ar-

ticles were contacted in an effort to obtain the missing values);

2) only whole-brain FA or MD was reported; 3) the studies

examined the relationships of clinical variables, biomarkers, or

treatment on DTI measures without including a seronegative

control group; 4) FA and MD were not measured in the corpus

callosum; 5) prior published DTI data were used for fMRI

connectivity analysis ROI selection; 6) a single case-control

pair was reported; 7) the study focused on imaging measures

other than diffusion parameters; or 8) the article reported a

new processing algorithm for DTI data (Fig 1). See the On-line

Appendix for excluded study references. Mean FA and MD

values and their SDs were taken from the article tables, or the

corresponding author was contacted if results were presented

in a different form.

We used the R meta-analysis library meta36 to estimate the

standardized mean difference (SMD) in FA or MD for each study

and then calculated a weighted average of these estimates across

studies. If multiple values for callosal subregions were reported

in a study, we used their average in inverse-variance–weighted

random-effects models, estimating the mean effect and incor-

porating estimates of between-study variation in the weighting

of each study. I2 was used to estimate study heterogeneity.37,38

Study bias was checked by examining plots of sample size ver-

sus effect size. Meta-regression was used to examine imaging

protocol effects.

Meta-Analysis of Callosal Regional Variation in HIV
Serostatus Effects
Eight of the selected studies reported FA, MD, axial diffusivity

(AD), and radial diffusivity (RD) for callosal subregions, in-

cluding the genu, body, and splenium. Because qualitative ex-

amination of the values revealed anatomic variation in diffu-

sion measures, we performed a separate repeated-measures,

mixed-effects regression analysis, examining regional and se-

rostatus effects on callosal diffusion measures. If the callosal

microstructure exhibited regional variation, differential re-

gional sampling across studies could result in high experimen-

tal error.
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Comparison Study
To compare the meta-analysis serostatus effects with a new sam-

ple and to characterize within-subject temporal variations in dif-

fusion measures, we collected longitudinal DTI in seropositive

participants before the initiation of cART and 3 and 6 months

thereafter, comparing the results with those in a seronegative con-

trol group.

After we obtained Temple University institutional review

board approval and consent, 10 seropositive participants, 22–50

years of age, cART-naive but ready to begin antiretroviral therapy,

were studied. Nine were followed longitudinally for 6 months. We

excluded participants who met the Diagnostic and Statistical Man-

ual of Mental Disorders-IV criteria for substance dependence or

abuse in the past 6 months and/or who had other major psychi-

atric disorders, neurologic illnesses unrelated to HIV, MR imag-

ing contraindications, cancer, hepatic disease, renal disease, car-

diac disease, or pulmonary disease.

The serologic status of HIV participants was confirmed by

positive HIV enzyme-linked immunoassay and Western blot or

detection of plasma HIV RNA by the polymerase chain reaction.

Plasma viral load, CD4, and CD8 T-cell counts were collected

before initiation of cART and from 0.5 to 6.0 months after begin-

ning therapy. Urine toxicology was collected before each imaging

visit, testing the presence of marijuana, cocaine, opiates, metham-

phetamines, barbiturates, benzodiazepines, and phencyclidine.

Participants testing positive for any of these substances with

the exception of marijuana were excluded.

For comparison, 12 seronegative

participants 21–26 years of age were

studied once. None of this group re-

ported past or present symptoms of a

major psychiatric or neurologic disor-

der or head injury with loss of con-

sciousness or were taking psychoactive

medications.

To assess posttreatment cognitive

and motor performance, we gave partic-

ipants a brief test battery for psychomo-

tor function, dexterity, learning, and

memory skills, including the Interna-

tional HIV Dementia Scale,39 the Hop-

kins Verbal Learning Test,40 the HIV-

Dementia Motor Scale,41 the Unified

Parkinson’s Disease Rating Scale motor

examination,42 and the Grooved Peg-

board Test.43

Neuroimaging was performed with a

3T Verio MR imaging system (Siemens,

Erlangen, Germany) equipped with a

12-channel matrix head coil. We per-

formed the following scans: a high-reso-

lution, 3D sagittal T1-weighted, magne-

tization-prepared rapid acquisition of

gradient echo (TR/TE/flip angle � 1600

ms/2.5 ms/9°, 256 � 256 matrix, 1-mm3

voxels); a 2D multisection oblique axial

T2-weighted fast spin-echo (TR/TE �

3000 ms/85 ms, 320 � 320 matrix,

5-mm3 voxels); and DTI for WM microstructure assessment

(2.0 � 2.0 � 2.2 mm voxels, TR/TE/flip angle � 14,700 ms/95

ms/90°, and 30 diffusion gradient directions with b-values of 0

and 1000). Images were inspected at the time of scanning, and a

repeat scan was performed if motion artifacts were observed.

DTI data were preprocessed with a script implementing

gradient direction, head motion, and eddy current correction by

using the FMRIB 5.0 Diffusion Toolbox (FDT; (http://fsl.fmrib.

ox.ac.uk/fsl/fslwiki/FDT).44 Quality assurance involved visual in-

spection of the individual images and elimination of corrupted

images. FA, MD, RD, and AD values were computed for all

voxels after we fitted a tensor model to the corrected diffusion

data with FDT.

The FA map for each subject was then aligned with an FA atlas

FMRIB58_FA (www.fmrib.ox.ac.uk/fsl/data/FMRIB58_FA) with

the FMRIB Nonlinear Registration Tool (FNIRT; http://fsl.fmrib.

ox.ac.uk/fsl/fslwiki/FNIRT).45 Next, a mean FA image was cre-

ated and thinned to create a mean FA skeleton representing the

centers of all tracts common to the group. Then each subject’s

aligned FA data were projected onto the mean skeleton. The skel-

eton-creation steps are part of the Tract-Based Spatial Statistics

(TBSS; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS) procedure.46

To increase the robustness of the measures and to facilitate the

interpretation of the results, we averaged the different measures

over the skeleton delimited by ROIs obtained from the ICBM-152

atlas,47 previously aligned with the FNIRT procedure in the

FIG 1. Flow diagram showing selection of articles examining WM microstructure changes in HIV
infection for the meta-analysis.82
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FMRIB58_FA common atlas, sampling the genu, body, and sp-

lenium callosal subregions (On-line Fig 1).

RESULTS
Meta-Analysis
Meta-analysis of serostatus effects on callosal microstructure re-

vealed a small reduction in FA (SMD � �0.43; 95% CI, �0.65 to

�0.21) related to serostatus (test of SMD � 0: z � �3.82, P �

.001), with high study heterogeneity (Q � 40.7, df � 17, P � .001,

and I2 [variation in SMD attributable to heterogeneity] � 58%).

The �2 of between-study variance was 0.12. Eleven of the 16 stud-

ies had confidence intervals that included zero (Fig 2A).

Meta-analysis of MD revealed a significant increase (SMD �

�0.44; 95% CI, 0.15– 0.72) related to serostatus (test of SMD � 0:

z � 3.00, P � .003), with high study heterogeneity (Q � 38.4, df �

13, P � .0003, and I2 � 66.0%). The estimate of between-study

variance �2 was 0.18 (Fig 2B). Therefore, meta-analysis of both FA

and MD revealed a small but statistically significant, change re-

lated to serostatus. Nevertheless, the observed high study hetero-

geneity suggests the existence of other unexplained experimental

effects.

Because both FA and MD serostatus group differences were

associated with high between-study heterogeneity, it was possible

that the observed group differences in WM microstructure re-

sulted from variations in image-acquisition parameters or bio-

logic variables. For image-acquisition

parameters reported by the constituent

publications, mixed-effects meta-re-

gression revealed no significant effects

on callosal FA and MD from variations

in field strength (range, 1.5T– 4T), voxel

volume (range, 1.5–20 mm3), and diffu-

sion direction number (range, 6 – 64).

Mixed-effects meta-regression also re-

vealed no significant effects of the bio-

logic variables age (range, 27–53 years)

and CD4 count (range, 211– 678). In ad-

dition, there was no apparent trend in

the DTI measures during the period

spanned by the studies (2001–2016).

Perhaps due to the relatively small sam-

ple of available studies, none of the vari-

ables examined appear to explain the

high heterogeneity seen in the meta-

analyses of FA or MD effects. Examina-

tion of funnel plots did not reveal asym-

metries suggestive of bias.
To investigate the possibility that the

high between-study heterogeneity arose

from DTI processing variations, we

coded studies according to whether the

FSL/TBSS method was used, because it

uses a unique step in which the FA maps

are “skeletonized” to reduce potential

partial volume effects. Meta-regression

revealed a nonsignificant (P � .08)

trend for FSL/TBSS processing being as-

sociated with higher FA values. Details

of acquisition and processing for each study can be found in On-

line Table 1.

Given some regional variation in measures, the observed be-

tween-study heterogeneity in callosal FA and MD group differ-

ences might also have resulted from sampling and combining

diffusion measures from different callosal segments in different

studies. To more closely examine callosal regional variations in FA

and MD related to serostatus, we used repeated-measures multi-

level models with region and serostatus as fixed effects and study

as a random effect in the 8 studies providing all 4 diffusion mea-

sures for 3 callosal subregions. For both FA and MD, we found

significant regional effects, with the splenium having higher FA

and lower MD than the body and splenium. Thus, the callosal

region sampled appears to have a strong effect on group estimates

of WM microstructure (On-line Appendix, On-line Tables 2 and

3, and On-line Figs 1 and 2).

Comparison Study
For comparison with the meta-analysis, we collected DTI data

from seropositive and seronegative participants for cross-sec-

tional and longitudinal examination of WM microstructure

changes.

Nine of 10 seropositive participants in our sample successfully

completed 3 imaging visits, and 12 seronegative controls com-

FIG 2. Meta-analysis results for HIV-positive versus HIV-negative comparisons of fractional an-
isotropy and mean diffusivity. A, FA differences (SMD � �0.43; 95% CI, �0.65 to �0.21; test of
SMD � 0: z � �3.82; P � .001). B, MD differences (SMD � �0.44; 95% CI, 0.15– 0.72; test of SMD �
0: z � 3.00; P � .003).
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pleted 1 visit. Although the mean age for our seropositive subjects
(30.7 � 9.5 years) was greater than that of controls (23.3 � 1.8

years), age variations over this range are not known to result in
variations in diffusion measures,48 a finding consonant with the
negative age meta-regression results reported above. While we

would expect that the slightly older age of our seropositive cohort

could potentially decrease the FA, this decrease was not observed.

Seropositive participants had fewer years of education (11.9 � 2.0

years) than controls (17.2 � 1.7 years). On entry into the study, 6

of the 9 participants were seropositive during screening for sexu-

ally transmitted disease. The other 3 participants had signs and

symptoms of clinical AIDS, with all 3 presenting with Pneumo-

cystis pneumonia and 1 additionally having herpes zoster and

esophageal candidiasis.
Seropositive participants began cART immediately after their

first visit. All 9 seropositive participants were treated with at least

3 antiretroviral medications, including nucleoside reverse tran-

scriptase inhibitor and a nucleoside analog, which were taken in

combination with nonnucleoside reverse transcriptase inhibitors

or an integrase inhibitor. The CNS penetration effectiveness

(CPE) rank of each participant’s cART regimen was calculated on

the basis of a modified version of the CPE, which includes rilpi-

virine (personal communication, S. Letendre, January 14, 2015).

Six participants were on regimens with a CPE rank of 6, and 3

participants had a CPE rank of 7, 1 of whom switched to a regimen

with a rank of 6 after 4 months of therapy, and then to one with a

rank of 8 after 5 months.

Laboratory testing included serial
CD4 and CD8 T-cell counts and viral
load, both assessed before initiation of
cART and from 0.5 to 6.0 months after
the initiation of cART (On-line Table 4).
During 24 weeks of therapy, seropositive
participants averaged CD4 cell count in-
creases of 6.8 cells/week (P � .001) and
accompanying decreases in the log viral
load (P � .001), with no change in CD8
cell counts (P � .64). These results are
typical responses to cART.

Behavioral assessments revealed
that while none of our subjects met the
criteria for HIV dementia, a few exhib-
ited mild-to-moderate degrees of im-
pairment in verbal learning, with some
subjects exhibiting mild degrees of im-
pairment in motor function (On-line
Table 5).

Although HIV infection can result in
macroscopic changes in WM, visual in-
spection of the T1- and T2-weighted im-
ages revealed that our participants were
generally free of these effects. One sero-
positive participant exhibited a mild de-
gree of T2 prolongation in the periatrial
WM bilaterally. T1- and T2-weighted
images were otherwise unrevealing, with
no parenchymal lesions, ventriculo-

megaly, or brain atrophy of the sort fre-

quently reported before the widespread introduction of

cART.49,50

To examine the regional pattern of diffusion changes follow-

ing HIV infection but before treatment began, we compared the

seropositive pretreatment ROI values with the seronegative con-

trol values, with repeated-measures multilevel models treating se-

rostatus and hemisphere (left hemisphere, midline, and right

hemisphere) as fixed effects and subject and ROI as random ef-

fects. With FA as the dependent measure, the seropositive group

had higher FA values [F(2,21.06) � 14.31, P � .0011]. FA values

were also higher in the midline than the hemispheres

[F(2,707.98) � 10.92, P � .001] (Fig 3A). With MD as the depen-

dent measure, the seropositive group had lower MD

[F(1,76.23) � 18.45, P � .001]. MD values were also higher in the

midline compared with the hemispheres [F(2,81.52) � 31.31, P �

.001], with a significant serostatus by hemisphere interaction

[F(2,81.52) � 3.31, P � .042] (Fig 3B). For RD, we found an effect

of serostatus, with the seropositive group showing lower values

[F(1,17.40) � 15.16, P � .001] and an effect of hemisphere

[F(2,87.58) � 11.37, P � .001], with the midline having a higher

RD than the hemispheres. There was also a significant serostatus

by hemisphere interaction [F(2,87.58) � 3.77, P � .027] (Fig 3C).

For AD, we found an effect of serostatus [F(1,92.12) � 7.03, P �

.0095], with the seropositive group exhibiting lower AD and an

effect of hemisphere [F(2,98.73) � 0.30, P � .001], with the mid-

line showing higher values than the hemispheres (Fig 3D). Thus,

FIG 3. Differences in FA, MD, RD, and AD measures in the seronegative comparison group (CNTL)
and seropositive (HIV) participants following HIV infection but before treatment was started.
Seropositive participants had higher FA and lower MD, RD, and AD. Measurements from 28 white
matter ROIs were aggregated into left hemisphere (L), midline (MID), and right hemisphere (R)
regions.
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compared with seronegative controls, in the seropositive group,

we observed higher FA and lower MD, RD, and AD.
To examine the within-subject reliability of FA, MD, RD, and

AD measures, we examined temporal variations in the 4 diffusion

measures during 6 months with a 2-way random-effects intraclass

correlation coefficient model. Averaging across all 28 WM sam-

pling regions, we observed excellent internal consistency, with

Cronbach � scores of FA � 0.91, MD � 0.96, AD � 0.98, and

RD � 0.96. Cronbach � indicates the degree to which items mea-

sure a single unidimensional latent variable. Intraclass correlation

coefficient estimates were also high, with FA intraclass correlation

coefficient � 0.97 (95% CI, 0.96 – 0.97), MD � 0.96 (95% CI,

0.96 –.97), AD � 0.98 (95% CI, 0.98 –

.99), and RD � 0.96 (95% CI, 0.95–.97)

(Fig 4A). In addition, examination of in-

dividual subject time plots of FA, MD,

RD, and AD revealed that all subjects ex-

hibited consistent mean WM architec-

ture estimates across time (Fig 4B).

DISCUSSION
Summary of Results
Meta-analysis of HIV effects on WM mi-

crostructure revealed relatively small

changes in FA and MD related to se-

rostatus and high between-study heter-

ogeneity. Variation in image-acquisi-

tion parameters across studies did not

explain the high heterogeneity. More
detailed examination of callosal WM mi-
crostructure measures revealed regional
variations that could contribute to be-
tween-study differences if the same cal-
losal regions were not sampled in each
study. In our comparison study, HIV in-
fection was associated with widespread
changes in WM microstructure, with in-
creases in FA and decreases in MD, RD,
and AD. During a 6-month span, these
measures showed excellent reliability, sug-
gesting that within-subject experimental
variation does not contribute substantially
to high between-study heterogeneity.

HIV Effects on White Matter
Microstructure
HIV infection affects cerebral WM

through a range of mechanisms. Histo-

pathologic evidence includes inflamma-

tion associated with gliosis, an increased

numbers of perivascular macrophages,

and a type of degenerative pathology,

manifested as myelin pallor,22 which is

thought to result from breakdown of the

blood-brain barrier with resulting vaso-

genic edema.51 WM metabolite altera-

tions detected with MR spectroscopy

paralleled those seen in subcortical gray

matter, including elevated Cho/Cr, elevated mIns/Cr, and de-
creased NAA/Cr ratios,52 with these metabolite differences in-
creasing with disease progression.53 Macrostructural evidence of
HIV infection includes cerebral WM volume loss54 and focal hy-

perintensities seen with T2-weighted imaging.55

DTI revealed changes associated with seropositivity, believed

to reflect WM injury from both direct or indirect effects of infec-

tion.21,23-25,27-30,32,33,56,57 While these studies have generally

found elevated MD and reduced FA in the WM of seropositive

participants relative to controls, results vary among the pub-

lished accounts. These inconsistencies could arise from a num-

ber of sources, including pooling observations from both

FIG 4. A, FA, MD, RD, and AD in seropositive participants following HIV infection but before
treatment was started. Measurements are aggregated across 28 white matter ROIs.47 Data were
collected pretreatment (V1), 3 months later (V2), and 6 months later (V3). B, Individual time plots
of FA, MD, RD, and AD in seropositive participants following HIV infection.
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treated and untreated participants,24-27,29-31,58,59 diffusion

imaging protocol variations, study sample variations in the

duration of infection, age, premorbid and comorbid substance

use, comorbid illness such as hepatitis, length and effectiveness

of antiretroviral therapy treatment, CNS medication penetra-

tion, CD4 nadir, premorbid intelligence, and ethnicity.

Meta-Analysis of HIV Effects on White Matter
Microstructure
Meta-analysis of HIV DTI studies revealed wide variation in se-

ropositivity effects on diffusion parameter estimates. If DTI is ever

used as a diagnostic marker for HIV infection, high consistency in

regional measurements will be required. In addition, there are

growing concerns about the reproducibility and reliability of bio-

medical research,60,61 prompting the National Institutes of

Health to focus on initiatives to reduce the frequency and severity

of irreproducibility.61 There are many potential sources for the

study heterogeneity effects we observed.

The specific choice of MR imaging acquisition parameters,

with related SNR variation, might bias measurements of diffusion

measures, particularly in higher magnetic fields.62,63 Neverthe-

less, meta-regression of acquisition parameters across studies did

not account for variation in diffusion measures, suggesting that

the range of SNR values arising from variation in voxel volume,

field strength, and diffusion direction number did not strongly

influence FA and MD estimates. Keeping acquisition parameters

constant in the comparison study, we observed high within-sub-

ject reproducibility across time.

While differences in DTI data-processing techniques may

contribute to diffusion measure heterogeneity,63,64 many of the

studies included in the meta-analysis did not report data-process-

ing details in sufficient detail to examine their specific effects by

using meta-regression or subgroup analysis. Nevertheless, we

were able to compare the effects using DTI processing methods

that involved skeletonization of diffusion parameter maps with

those that did not and observed a trend for FA values being higher

when FSL/TBSS style processing was used. The skeletonization

step that is a unique aspect of TBSS results in voxel selections that

are more likely to contain pure WM, thereby having less contam-

ination from partial volume effects, which might be expected to

reduce the apparent directionality of diffusion. This preliminary

finding will be explored in a subsequent subject-level meta-anal-

ysis of the effects of processing strategy on diffusion parameter

estimates in HIV.

While HIV globally affects WM, regional variations in myeli-

nation, axon orientation, packing density, and membrane perme-

ability may affect regional measurements.63 Meta-analysis of cal-

losal diffusion measures revealed regional variability, with FA

consistently highest in the splenium. Therefore, between-study

variation in the selection of subsequently aggregated sampling

regions could result in higher between-study heterogeneity.

Differences in cohort characteristics, such as the duration of

infection, age, premorbid and comorbid substance use, comorbid

illness such as hepatitis, the length and effectiveness of treatment

with antiretroviral therapy, CNS penetration effectiveness of the

cART regimen, nadir CD4, premorbid intelligence, and ethnicity,

may also contribute to a lack of reproducibility. Many studies in

our meta-analysis excluded subjects with current drug or alcohol

use, but premorbid drug or alcohol use was often not addressed.

Chronic alcoholism has been shown to reduce the corpus callo-

sum FA.29,65,66 Studies have also shown corpus callosum FA de-

creases following cocaine,67 methamphetamine,68 and opiate

use.69

WM microstructure cross-sectional studies have shown that

FA is lower and MD is higher in older compared with younger

adults.70,71 More recently, annual decreases in FA and annual

increases in MD, AD, and RD have been shown in a longitudinal

healthy cohort, with changes beginning in the fifth decade.48

While we found no evidence for age effects in our meta-analysis,

the maximum mean age in these studies was below the age when

WM microstructural changes generally begin, highlighting the

need to further explore age effects in older patients with HIV.

Higher general intelligence indices have been associated with

higher FA and lower MD and RD, in typical middle-aged and

older adults,72 with these findings confirmed in studies involving

younger adults.73 Some studies used in our meta-analysis had

control groups with more years of education than the seropositive

participants.

Antiretroviral treatments may be injurious to brain cell ele-

ments. To our knowledge, there are no studies examining the

effects of cART regimen CPE on WM microstructure. Neverthe-

less, in a study comparing simple motor task performance in se-

ropositive participants on low- and high-CPE cART regimens, the

fMRI response amplitude was significantly greater in the low-CPE

group compared with the high-CPE or seronegative groups74; this

finding suggests that treatment effects should be explored in fu-

ture meta-analytic studies with subject-level data.

Two studies in the meta-analysis included HIV-infected par-

ticipants with hepatitis,27,35 and several studies did not list co-

morbidities such as chronic liver or renal disease as exclusionary

criteria. Hepatitis C coinfection is found in 25%–30% of HIV-

infected individuals75 and has been associated with reduced FA

and increased MD in the WM, including the corpus callosum.76

Finally, 10 of the 16 studies enrolled patients with longer in-

fection duration than the subjects enrolled in our comparison

study. Although the relationship between HIV infection duration

and DTI measures is rarely addressed, infection duration can be

negatively associated with callosal FA.77

The effects of many of the study characteristics discussed

above are difficult to explore with meta-regression because aggre-

gating individual subject variables can result in ecological bias in

the resulting parameter estimates.78 Although it was not possible

to explore these biologic effects with the tools of study-level meta-

analysis, it is very likely that many of these variables contributed

strongly to the high observed between-study heterogeneity,

motivating further exploration of potential modulating effects

of biologic variables with datasets incorporating subject-level

measures.

Comparison Study Results
Our study found globally reduced MD and elevated FA in the WM

of HIV-infected participants who were naive to antiretroviral

therapy. Other studies have reported increased FA values and de-

creased MD, AD, and RD for multiple corpus callosum regions
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and the centrum semiovale in cART-naive seropositive partici-

pants compared with seronegative controls.30,34 Because cellular

membranes hinder water diffusion,79 activation of microglia, as-

trocytes, and perivascular macrophages associated with early CNS

HIV infection may have caused reduced MD and increased FA in

our seropositive cohort.80 Because many of the studies in the

meta-analysis included patients with longer infection duration

than our subjects, the shorter infection duration in our sample

might have resulted in different changes in diffusion parameters.

Studies reporting higher FA in the seropositive group34,35 in-

cluded participants with shorter disease durations. The earlier

phases of HIV infection might be associated with more robust

neuroinflammatory changes, causing diffusion restriction effects

resulting in higher FA and lower MD. On examining the details of

the studies that agreed with our findings, we noted that the au-

thors studied younger samples, many of whom were untreated at

the time of imaging, as in our pilot longitudinal study. There is

evidence of an age-by-HIV serostatus interaction, evidenced by

higher FA and lower MD in younger individuals and lower FA and

higher MD in older individuals in the posterior limbs of the in-

ternal capsules, cerebral peduncles, and anterior corona radiata.35

Because most of the studies in the meta-analysis included samples

with higher average ages, we believe that this age/serostatus inter-

action may explain the seeming contradictory results across stud-

ies. Unfortunately, we are unable to statistically confirm this

explanation, given the study-level data sources used for this meta-

analysis. Nevertheless, the biologic interactions among age, se-

rostatus, and WM microstructure is a topic that might be profit-

ably explored in subsequent meta-analyses based on subject-level

data.

WM microstructure measures were examined in our seropos-

itive participants at 3 and 6 months after the initiation of cART,

demonstrating excellent reliability. We attribute these persistent

alterations in WM microstructure, despite the initiation of cART,

to the presence of continued activation of microglia and macro-

phages because this form of continuing inflammation during

cART has been documented histologically.81

Global temporal stability of DTI measures was observable at

the single-subject level, suggesting that the heterogeneity ob-

served in the meta-analysis did not arise because of random tem-

poral fluctuations in the measurement process. It is possible that

use of more uniform imaging protocols and data-processing pipe-

lines across studies will improve between-study reproducibility.

CONCLUSIONS
Meta-analysis of DTI results from studies examining the effects of

HIV serostatus on WM microstructure revealed high between-

study heterogeneity and relatively small changes in measures. Re-

gional variation in callosal WM architecture could contribute to

between-study differences if the same callosal regions are not

combined for total callosal estimates. In a longitudinal compari-

son sample, we observed widespread changes related to seropos-

itivity in WM microstructure, with increases in FA and decreases

in MD, RD, and AD. Effects of HIV infection on WM microstruc-

ture may be age-dependent, related to more prominent neuroin-

flammatory changes in younger patients. Examination of mea-

sures averaged over all brain WM structures during a 6-month

span revealed excellent reliability, suggesting that within-subject

variation does not substantially contribute to the observed be-

tween-study variability. Further work will be required to isolate

the sources of variation in WM microstructure estimates in HIV

seropositive groups.
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