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Background: The patients with HIV-associated neurocognitive disorder (HAND) are
often accompanied by white matter structure damage. Diffusion tensor imaging (DTI)
is an important tool to detect white matter structural damage. However, the changes in
DTl values reported in many studies are diverse in different white matter fiber tracts and
brain regions.

Purpose: Our research is dedicated to evaluating the consistency and difference of the
correlation between HAND and DTl measures in different studies. Additionally, the value
of DTl in HAND evaluation is used to obtain consensus and independent conclusions
between studies.

Methods: We searched PubMed and Web of Science to collect relevant studies
using DTI for the diagnosis of HAND. After screening and evaluating the search results,
meta-analysis is used for quantitative research on data. Articles that cannot collect data
but meet the research relevance will be subjected to a system review.

Results: The meta-analysis shows that the HAND group has lower fractional anisotropy
(standardized mean difference —0.57 p < 0.0001) and higher mean diffusivity
(standardized mean difference = 0.04 p < 0.0001) than the healthy control group in
corpus callosum. In other white matter fibers, we found similar changes in fractional
anisotropy (standardized mean difference = —1.18 p < 0.0001) and mean diffusivity
(standardized mean difference 0.69 p < 0.0001). However, the heterogeneity
(represented by 12) between the studies is high (in corpus callosum 94, 88%, in other
matter fibers 95, 81%). After subgroup analysis, the heterogeneity is obtained as 19.5,
40.7% (FA, MD in corpus callosum) and 0, 0% (FA, MD among other white matter fibers).

Conclusion: The changes in white matter fibers in patients with HAND are statistically
significant at the observation level of DTI compared with healthy people. The differences
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between the studies are mainly derived from demographics, start and maintenance
time of antiretroviral therapy, differences in nadir CD4+T cells, and the use of different
neurocognitive function scales. As an effective method to detect the changes in white
matter fibers, DTl is of great significance for the diagnosis of HAND, but there are still
some shortcomings. In the absence of neurocognitive function scales, independent

diagnosis remains difficult.

Systematic Review Registration: https://inplasy.com/inplasy-2021-10-0079/.

Keywords: meta-analysis, HIV-associated neurocognitive disorder (HAND), diffusion tensor imaging (DTI),
fractional anisotropy (FA), mean diffusivity (MD)

BACKGROUND

The emergence of combined antiretroviral therapy (cART) has
resulted in a significant increase in the life expectancy of patients
with acquired immunodeficiency syndrome (AIDS) in the past
two decades (1). The increase in the average age of HIV
seropositive people has also led to age-related complications.
The incidence of disease is increasing, and HAND is one of
the most serious complications (2). Increased life expectancy
in people living with HIV is clearly a major factor in their
increased incidence of neurodegenerative diseases, but this often
masks the important effect of HIV on neuronal damage (3).
The Frascati standard revised in 2007 is currently the most
widely used diagnostic standard for HAND. The standard
divides HAND into three levels according to the severity
of cognitive impairment (4): asymptomatic neurocognitive
impairment (ANI), mild neurocognitive disorder (MND), and
HIV-associated dementia (HAD). To date, the pathogenesis of
HAND has not been fully defined. It is thought to be caused
by a combination of factors such as chronic immune activation,
indirect effects of inflammatory responses, direct neurotoxic
effects of viral proteins, and vascular damage (5, 6). Despite
the cART treatment, the microglia and astrocytes of the central
nervous system (CNS) can still serve as HIV reservoirs, which
in turn can cause continuous damage to neurons (7). Therefore,
CART can delay the progression of HAD, but cannot completely
prevent the occurrence of HAND, and some studies (8, 9) have
shown that the severity of cognitive impairment is not related to
the cerebrospinal fluid and peripheral viral load, but is related
to the lowest value of CD4+T cells. In addition, the current

Abbreviations: DTI, diffusion tensor HAND, HIV-associated
neurocognitive disorder; AIDS, acquired immunodeficiency syndrome; cART,
combined antiretroviral therapy; ANI, asymptomatic neurocognitive impairment;
MND, mild neurocognitive disorder; HAD, HIV-associated dementia; FA,
fractional anisotropy; MD, mean diffusivity; AD, axial diffusion; RD, radical
diffusion; CNS, central nervous system; SMD, standardized mean difference; CC,
corpus callosum; WME white matter fibers; GCC, genu of the corpus callosum;
SCC, splenium of corpus callosum; SLE superior longitudinal fasciculus; ILE,
inferior longitudinal fasciculus; IFOF, inferior fronto-occipital fasciculus; CST,
corticospinal tract; UE bilateral uncinate fasciculus; EC, external capsules; IC,
internal capsules; FX, fornix; PTR, posterior thalamic radiation; ATR, anterior
thalamic radiation; AC, anterior commissure; NP, neuropsychology; ROI, region
of interest; VBA, voxel-based analysis; TBSS, tract-based spatial statistics; FBA,
Fixel-based analysis; NOS, Newcastle-Ottawa Scale; HIVE, HIV-encephalopathy;
GDS, Global Defect Score; WCT, Wisconsin Cognitive Test; MoCA, Montreal
Cognitive Assessment; NODDI, neurite direction dispersion and density imaging.

imaging;

mechanisms related to HAND include the followings: the toxic
effects of ART, changes in the permeability of the blood-brain
barrier, abnormal lipid metabolism, and oxidative stress. The
various mechanisms are closely linked and influence each other.
Moreover, bad lifestyle habits such as smoking, alcohol abuse,
and drug use can not only affect the cognitive function of
HIV-infected persons through direct toxic effects on CNS, but
also impair cognitive function through mutual pharmacological
effects with cART (10).

In the diagnosis of cognitive impairment, both cognitive scales
and imaging tests play an important role. The International HIV
Dementia Scale (IHDS) is currently widely used, which includes
attention, memory recall, and psychomotor speed. Compared
with the Frascati standard, IHDS shows better sensitivity and
specificity (11).

Diffusion tensor imaging uses the anisotropy of the dispersion
of water molecules inside the white matter fibers (WMFs) and
uses the average diffusion direction information of adjacent
voxels through the continuous tracer fiber allocation algorithm
to reconstruct the structure and shape of the WME and then,
imaging method shows the three-dimensional distribution of
white matter fiber bundles in vivo (12, 13). Among the parameters
of DTI, fractional anisotropy (FA) and mean diffusivity (MD)
represent the proportion of water molecule anisotropy in the
whole diffusion tensor and the average diffusion capacity of water
molecules in different directions, respectively. The axial diffusion
coeflicient (AD) and radial diffusion coeflicient (RD) describe the
random motion diffusion amplitude of water molecules and the
diffusion direction perpendicular to the axon, respectively. They
are also commonly used parameters in various studies (14-16). A
majority of studies (17-19) reported that compared with healthy
controls, patients with HAND had a statistically significant
decrease in FA value and an increase in MD value, suggesting that
patients with cognitive impairment may have lesions of WMF.
The areas where the FA value decreases are common in the genu
of the corpus callosum (GCC), the splenium of corpus callosum
(SCC), bilateral superior longitudinal fasciculus (SLF), bilateral
inferior fronto-occipital fasciculus (IFOF), corticospinal tract
(CST), bilateral uncinate fasciculus (UF), etc. The areas where
the MD value decreases are common in bilateral external capsules
(EC), bilateral corpus callosum (CC), left fornix (FX), left anterior
radiating coronal area, left posterior thalamic radiation (PTR),
and left EC (20, 21). Correlations between cognitive impairment
and changes in DTI parameters are complex. Some studies
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(22-25) have shown that the degree of cognitive impairment
has a significant statistical correlation with the decrease in FA
value and the increase in MD value. The decrease in FA value
has the most significant correlation with cognitive impairment.
However, another part of the research (26-28) shows that in the
patients of the same cognitive level group, the FA value and MD
value changes are complicated, and there may even be opposite
changes in adjacent areas, accompanied by axial diffusivity AD
and RD changes (29, 30). There are studies (31, 32) reported that
with the continuation of cART, the FA value will increase and the
MD value will decrease, which is related to the recovery of CD4+
T cell levels.

There are also differences in the application technology of
DTI between different studies. The more common analysis
methods of DTI are the traditional voxel-based analysis (VBA)
method and the skeleton-based spatial statistics (tract-based
spatial statistics, TBSS) method, and the latter is more widely
used. Compared with the traditional voxel-based measurement
method, Fixel-based analysis (FBA) (33), which has been applied
recently, can reduce the interference of extracellular free water
generated by intracranial lesions and can more accurately display
the content of intracellular edema. Of course, interference
can also be reduced by performing free water corrections
(34), all of which are intended to provide more reliable WM
integrity measurements.

Therefore, based on the diversity of parameters, demographic
application models, and outcomes of DTI in the diagnosis of
HAND, we believe that it is meaningful to conduct a meta-
analysis and system review of related studies. We will examine
the correlations between DTI parameters, diagnostic criteria
for cognitive impairment, and serum viral markers to obtain
consensus and independent views between studies.

MATERIALS AND METHODS

Article Retrieval

To summarize the relevant research literature on the related
application of DTI in HAND, we used an advanced search
on the PubMed database and the Web of Science database
on 30 September 2021, through use the term of “ (‘HIV-
associated neurocognitve disorder’ [MeSH Terms] OR ‘HAND’
[All Fields] OR ‘HIV’ [All Fields]) AND (‘Diffusion Tensor
Imaging’ [MeSH Terms] OR ‘DTI’ [All Fields] OR ‘Magnetic
Resonance Imaging’ [All Fields] OR ‘neuroimaging’ [All
Fields]),” (((TS=(DTI) OR TS=(Diffusion Tensor Imaging)
OR TS=(MRI) OR TS=(neuroimaging)) AND (TS=(HIV) OR
TS=(HIV-associated neurocognitive disorder) OR TS=(HAND)
OR TS=(cognitive impairment))). The search criteria are the
documents from 2013 to 2021. The literature search produced
a total of 104 records, by reading the abstract, of which 67
records were excluded due to the following reasons: (1) duplicate
literature, (2) the study was conducted in mice or rhesus
monkeys, (3) the records were case reports, and (4) the records
were reviews, (5) the study has no control group, (6) the research
participants are not infected with HIV virus, and (7) the literature
topics and imaging examinations are less related.

Inclusion and Exclusion Criteria

We retrieved a total of 37 eligible full-text articles, all of
which belonged to cross-sectional studies or cohort studies.
We read through the full text, and once again ruled out 15
articles due to the following reasons: 1. Research participants
also suffer from neurodegenerative diseases such as Alzheimer’s
disease, Parkinson’s disease, cerebrovascular disease. 2. Research
participants also suffer from syphilis, hepatitis B, hepatitis C,
and other diseases. 3. multi-modal research but incomplete
experimental results involving DTIL. 4. Research using resting
state functional magnetic resonance imaging or 3D-T1 mapping
and other sequences. 5. The main research direction is the
aging of brain structure status. Of the remaining 22 articles, 12
articles can be collected with comprehensive and complete FA
and MD values, including the CC, FX, anterior commissure (AC),
association fibers, and projection fibers. We included these 12
articles in the meta-analysis. Due to the unique role of the CC
in brain structure and cognitive function, the FA and MD values
were separately extracted in the form of mean £ SDs. All data
are from the table of the article. The remaining 10 articles cannot
be extracted with complete data due to the following reasons:
(1) The researcher only reported the FA value and MD value of
the whole brain or a part of the brain area; (2) the researcher’s
main direction of study is the value of DTT parameters and serum
sickness. There will be the correlation between the viral indicators
and the test scores of each neurocognitive scale. We conducted a
system review of these 10 articles (Figure 1).

Meta-Analysis and System Review

For the 22 articles included in the meta-analysis and system
review, two people independently completed the quality
evaluation and data extraction. When the results were disputed,
a third person participated in the completion. Since the articles
included in the analysis are cross-sectional or cohort studies,
the quality evaluation system adopts the Newcastle-Ottawa Scale
(NOS), including 7 indicators such as participant selection,
exposure, and comparability control for important factor and
for quality evaluation. We summarize all relevant research
in inclusion analysis, including the statistical characteristics,
research type, basic parameters of magnetic resonance, treatment
or not, whether neuropsychology (NP) and cognitive function
scale test, and region of interest (ROI) (Table 1). Due to the
unique role of the CC in brain structure and cognitive functions,
we extract the FA and MD values of the CC separately and
jointly extract the FA and MD values of the FX, AC, and other
WMEF. Because there are great differences in the selected regions
of interest between different studies, we selected several regions
of interest with great commonalities. The number of included
samples is less than that of CC, but it is also meaningful. Use
Review Manager 5.3 software to detect heterogeneity, sensitivity,
and risk of bias on the extracted data (58). Random-effects
models are used to obtain standardized average differences
(SMDs), which is obtained by dividing the estimated mean
difference between the two groups by the mean standard
deviation. For the continuous variables used in this study, when
SMD is equal to 0, it means that the two means are equal, and
it also means that the two means are not statistically significant,
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FIGURE 1 | Flow chart for searching and screening articles included in meta-analysis and system review.

so the invalid vertical line of the SMD forest plot is at 0 on the =~ shown at the bottom are what we need to get. In addition, the
abscissa scale. Since we did a subgroup analysis, the total values  values within subgroups become less meaningful. Tau-squared,
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TABLE 1 | The Newcastle-Ottawa Scale (NOS) used to evaluate the quality of the included literature, “ %" means excellent, “s” means ordinary, “-" means not

mentioned, the total score of the article is not <5 points to be qualified.

Study Selection Exposure Comparability  Score
control for
important
factor

Adequate Represen Selection of Definition of  Ascertainment Same methods

definition of tativeness of controls controls of exposure of

cases cases ascertainment
for cases and
controls

Zhu (35) * * % * * * %k ** * 10

Correa (36) * * * * * * % * * 9

Hoare et al. (37) * *k * - * * * 7

Uban et al. (38) * K * * - * % * * 8

Ackermann et al. (39) % * * * * * * 7

Blokhuis et al. (40) * ** * * * * * 8

Cysique et al. (41) * * * * * * * 7

Paul et al. (42) ** ** * * % - * * 9

Underwood et al. (43) %% * * * * * * * 9

Wakim et al. (44) * * * * * % - * 7

Haynes et al. (45) * * % * * * - * 7

Liet al. (46) * % * %k * * %k * * 10

Liang et al. (47) * * * * * - * 6

Oh et al. (48) * * * * * * * 8

Davis et al. (49) *k * * * * * * * 9

Watson et al. (50) ** * * * * * * 8

Samboju et al. (51) * * * * * - * 6

Hoare et al. (52) * % ** * * * * * 8

Kuhn et al. (53) * * * * * * * 7

Ackermann et al. (54) % ** * * * * * 8

Zhao et al. (55) * * * - - * % * * 7

Liang et al. (57) *k *k * * * * * 9

chi-squared, and 1? all indicated heterogeneity between studies,
and the I? result was more meaningful. I? is used to evaluate the
heterogeneity of the results and draw forest diagrams and funnel
diagrams (59). It is generally believed that an I >50% indicates
that the research has strong heterogeneity, and vice versa. Degree
of freedom (df) refers to the number of variables that can take
unlimited values when calculating a statistic. Test for overall
effect is reflected by the p-value. When p is >0.05, the combined
data are considered to be not statistically significant (60, 61). Due
to the large differences in the demographics, cognitive levels, and
serum indicators of the study participants included in the meta-
analysis, the foreseeable analysis is heterogeneous. We will also
conduct subgroup analysis based on the characteristics of the
included studies.

RESULTS

First, we evaluated the included articles with the NOS, which
confirmed to the quality evaluation standards of cross-sectional
studies or cohort studies. Each item can be divided into three

grades: excellent, ordinary, and not mentioned, corresponding
to 2 points, 1 point, and 0 point, respectively. The eligibility
standard for literature is 5 points or more. According to statistics,
all the 22 documents included in the meta-analysis and system
review meet the conditions.

Demographics

By pooling, these studies included 702 patients with
HIV+/HAND and 346 healthy controls. The age range of
the patient group was 4-77 years, with an average age of 48.52
years. The age range of the control group was 3-73 years, with an
average age of 46.21. Of these studies, three were in adolescents
and children, one was in young adults, and the rest were in
middle-aged and elderly patients.

Meta-Analysis

In the CC, patients with HAND and HIV-seropositive have a
significant reduction in FA (SMD = —0.57; 95% CI: —1.18 to
0.03), test for overall effect: Z = 1.86(p = 0.06), with high study
heterogeneity (chi-squared = 153.19, df = 9, p < 0.00001) and
I2 = 949% (variation in SMD attributable to heterogeneity). The
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HIv+ Control Std. Std,

Study or Subgroup _ Mean __SD_Total Mean _SD_Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.1.1Aged

Cysique 2016 0635 0025 40 064 0020 82 10.4%  -D18[0.56,0.20]

Wakim 2017 0783 0048 15 0795 0049 21 96%  -024[091,0.42] .

Zhu 2013 0338 009 50 0362 0054 13 98%
Subtotal (95% CI) 11
Heterogeneity: Tau* = 0.00; Chi*= 0.09, ur 2(P=0.96);F= 0%
Test for overall effect: Z= 1.45 (P = 0.15)

-0.2810.89,0.33] =T
6 298%  -021[0.50,0.08] *

1.1.2 ART follow-up

Eluknuus 2016 0431 0026 29 0452 0.018 35 10.0%  -0.94[146,-042 .

0 2020 0822 0.063 ts 0792 0034 46 103% 0.590.17,1.01) S
Suhlalal (95% CI) 81 204%  -0.17[-1.67,1.33] ———
Heterogeneity. Tau*= 1.12; Chi*= 20.24, uv 1 (P <0.00001), F= 95%

Testfor overall effect: 7= 0.22 (P = 0.82)

1.1.3 Cognitive Scale+

Liang 2021 0577 0055 39 0538 0051 45 103% 0.73(0.29,1.17) =
Underwood 2017 0.477 0.056 134 0484 0053 79 106%  -013{0.41,0.15) g
Subtotal (95% C1) 124 20.9% 0.28[-0.56, 1.12] -

Heterogeneity. Tau?= 0.33; Chi*= 1031 uv 1 (P=0.001); F=90%
Testfor overall effect: Z= 0.66 (P = 0.51)

1.1.4 Midde aged
Hoare 2015
Paul 2016

0639 0.045 75 0.801 0046 30 96%  -3.55(4.20,-2.90] =
0379 0023 146 0387 0.019 34 104%  -036(0.73,0.02] ““
0428 0034 22 0481 0022 11 an% -1.69 1253, -0.84] —

Subtotal (95% CI) 0% -186[-3.93,022] =
Heterogeneity: Tau*= 3.25; Chi*= 71 34 uv 2(P <0.00001); \ 57%

Testfor overall effect: Z=1.75 (P = 0.08)

Total (95% C1) 396 100.0%  -0.57[-1.18,003] >

Heterogeneity: Tau* = 0.87; Chi*= 15319, df= 8 (P < 0.00001); I*= 94%
Testfor overall effect: Z= 1.86 (P = 0.06)

-4 -2 2 4
Test for subaroun differences: Chi*= 3.73. df= 3 (P = 0.29). F=19.5% Favours fespenmentall Eavours [contral

B

HV std.

MHMMHMMM—NMM 95%Cl

2.1.1 Aged

Cysique 2016 0837 0036 40 084 0038 82 110%  -008}0.46,030] 1

Wakim 2017 0853 0069 15 0831 0061 21 88%  033(033,100] A=

Zhu 2013 1217 0156 50 1102 015 13 92% 0.73(0.11,136] =

Subtotal (95% CI) 116 29.0%  0.28[.022,078] >

Heterogeneity: Tau*= 0.12; Chi*= 5.04, df= 2 (P = 0.08); F= 60%

Testfor overall effect Z=1.09 (P = 0.28)

2.1.2 CART follow-up

Blokhuis 2016 0793 0151 29 0762 0443 35 102%  021(028,070] =

Zhao 2020 0847 0062 46 0742 0041 46 104% 198 1.48,2.48) =

Subtotal (95% CI) 75 81 203% 1.09[-0.64,2.83] -

Heterogeneity: Tau = 1.51; Chi*= 24.31, df= 1 (P < 0.00001); = 96%

Testfor overall effect Z=1.23 (P = 0.22)

2.1.3 Cognitive Scale+

Liang 2021 0913 0076 39 0903 0086 45 107%  0.14(0.29,057] T

Unstoimod 2017 lo70s 0120 A3 0ken aim 7y M%) oasEniz il r

Subtotal (95% 1) 124 223%  0.16[.0.08,039] ‘

Heterogeneity: Tau*= 0.00; Chi*=0.01, ur 1 (P=093);F=0%

Testfor overall effect Z=1.31 (P = 0.19)

2.1.4 Middle aged

Hoare 2015 0814 0078 75 0773 0048 30 107% 057(0.14,1.01) =

Liang 2018 0897 0043 25 0.883 0041 25 Q7% 0330023089 —
0525 0041 22 0485 0036 11 80% 0.99(0.22,1.76] e

Subtotal (95% 1) 66 284%  0.57[0.25,088] *

Heterogeneity: Tau*= 0.00; Chi*=1.87, df= 2 (P = 0.36); F= 0%

Testfor overall effect Z = 3.56 (P = 0.0004)

Total (95% C1) 475 387 1000%  052[0.15,0.88] g

Heterogeneity: Tau*= 0.28; Chi*= 53.06, df= § (P < 0.00001); = 83%

Testfor overall effect Z= 2.78 (P
Testfor subaroun diflerences: Chi

i 4 -2 2 4
e N —— Favours [experimental] Favours [control]

(D) MD among other WMF (*108).

D HIV+ Control Std. Mean Difference Std. Mean Difference
Study or Subaroup_Mean __SD_Total Mean _SD Total Weight IV, Random, 95% CI IV, Random, 95% C1
4.1.1 Aged
Cysique 2016 1083 0055 40 1007 005 82 9.9% 1.48(1.04,1.88) s
Wakim 2017 0799 0055 15 0791 0057 21 81%  014[052,080 .1
Zhu 2013 Tfs Wiez 0 fowiiize 13 ESK  0AfEISLOTY —=
Subtotal (95% CI) 116 265% 0.60[-0.37,1.57] —~—
Heterogeneity. Tau*= 0.65; Chi*= 1307 uv 2(P=0.0001);F=89%

Testfor overall effect Z=1.20 (P = 0.23)

4.1.2 CART follow-up

Blokhuis 2016 0717 0049 29 068 0041 35 92% 082(0.30,133] -
Zhao 2020 wws oei] 46 Daizaged 48 a7% 1.39(0.94,1.85] =E=
Subtotal (95% CI) 18.9% 1.12[0.55, 1.68] -
Heterogeneity: Tau?= 0.1; Chi*=2.72, uv 1(P=010;F= 53%

Testfor overall effect Z= 3.87 (P = 0.0001)

4.1.3 Cognitive Scales

Ackermann 2016 0753 0.045 30 0692 0044 13 T9% 1.32(0.64,2.00] —
Liang 2021 0804 0062 33 0785 0050 45 98% 0310012074 =
Shderwood 77 10723 [124: (130 CodBilETS g8 00K DEOOA A &
Subtotal (95% C1) 137 287% 0531000, 1.06] >
Heterogeneity. Tau"= 0.7, Chi*= 8.82, er 2P=001;F=77%

Testfor overall effect: 7= 1.95 (P = 0.05)

4.1.4 Middle aged

Hoare 2015 0445 0038 75 0416 0038 30 9.8% 0.78(0.34,1.21] e
Liang 2018 0784 0059 25 0782 0058 25 89%  0.03}052,059 ==
802018 0521 003 22 0483 0034 11 7.3% 1.05(0.28, 1.82] —t—
Subtotal (95% CI) 122 66 26.0% 0.59[0.02, 1.16] -
Heterogeneity: Tau®= 0.17; Chi*= 5.93, df= 2 (P = 0.05); F= 66%

Testfor overall effect Z= 2.04 (P = 0.04)

Total (95% CI) 400 1000%  0.69[0.35,1.03] >
Heterogeneity. Tau®= 0.25; Chi*= 51.87, df= 10 (P < 0.00001) F= 81%

FIGURE 2 | Meta-analysis results of FA and MD between the HIV-positive group and the control group. (A) FA in CC. (B) MD in CC (*10°). (C) FA among other WMF.
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Tau-squared of between-study variance was 0.12. Among the ten
studies included in the analysis, five studies have a confidence
intervals of zero.

Also in the CC, patients with HAND and HIV-seropositive
have an increase in MD (SMD = —0.04; 95% CI: 0.01 to 0.06),
test for overall effect: Z = 2.63 (p = 0.008), with high study
heterogeneity (chi-squared = 76.91, df = 9, p < 0.00001) and
2 = 88% (variation in SMD attributable to heterogeneity). The
Tau-squared of between-study variance was 0.00. Among the 10
studies included in the analysis, six studies have a confidence
interval of zero.

Different from the CC, the FX, AC, association fibers, and
projection fibers differ greatly in the image acquisition area and
ROI selection in various studies. FA and MD values are not
suitable for simply taking the arithmetic mean. In statistics,
inverse-variance-weighting is a method of performing a weighted
average of the measurements of a random variable. Each smaller
ROI was weighted by the inverse of its variance in the random
effects model of this study. This method minimizes the variance
of the mean and makes the results more accurate. For studies
with only the median, regardless of whether the samples meet
the normal distribution or not (62), first perform Box-Cox

transformation and then use an online calculator to estimate the
sample standard deviation and sample mean for the transformed
study. The estimator results are more accurate (63). Among
other WME, patients with HAND and HIV-seropositive have
a reduction in FA (SMD = —1.18; 95% CI: —1.82 to —0.55),
test for overall effect: Z = 3.67 (p = 0.0002), with high study
heterogeneity (chi-squared = 186.93, df = 10, p < 0.00001) and I?
= 95% (variation in SMD attributable to heterogeneity). The Tau-
squared of between-study variance WMF was 1.05. Among the
11 studies included in the analysis, six studies have a confidence
interval of zero.

Among others, patients with HAND and HIV- seropositive
have a notable increase in MD, and patients with HAND and
HIV-seropositive have a significant reduction in FA (SMD = 0.69;
95% CI: 0.35 to 1.03), test for overall effect: Z = 4.01 (p < 0.0001),
with high study heterogeneity (chi-squared = 153.19, df = 9,
p < 0.00001) and 1> = 81% (variation in SMD attributable to
heterogeneity). The Tau-squared of between-study variance was
0.25. Among the 10 studies included in the analysis, five studies
have a confidence interval of zero (Figure 2).

Obviously, whether in the CC or WME, the FA value of
patients with HAND decreased whereas the MD increased, and

Frontiers in Neurology | www.frontiersin.org

July 2022 | Volume 13 | Article 898191


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Ma et al.

Application of DTl in HAND

ATR,SLF,CC,ILF,UF,IFOF
ILF,SLF,IFOFUFCST

ROI
CC,CST,SLFIFOFATR
Whole brain

Whole brain

Whole brain

CC,ACR

CC,ACR

Unknown
cART
HAART
ART
ART
cART
cART
ART

+
N
n
N
N
"

MNI
TBSS

1,000
800
1,000
1,000

b-value Analysis NP/cognitive scale Treatment
1,000

TR
10,000 3,000.7 TBSS
5,000
7,600
9,500
3,700

109
97
56
86
88

3T
5T
T

3T
T

3T

1.

Field strength TE

Age
545+25
43.96 + 13.21
50.43 £+ 5.42
5.56 + 0.41
56.2 + 3.25
4715+ 12.01

Participant, age
22HIV+, 11Cotrol
46HIV+, 46Cotrol
15HIV+, 21Cotrol
39HIV+, 13Cotrol
134HIV+, 79Cotrol
39HIV+, 45Cotrol
25HIV+, 25Cotrol
50HIV+, 13Cotrol

Type of study
Cross-sectional
Cross-sectional
Cross-sectional
Cohort study

Cross-sectional

Follow-up

TABLE 2 | Statistical table of studies included in the meta-analysis.

References

Oh et al. (56)

Zhao et al. (55)
Wakim et al. (44)
Ackermann et al. (39)
Underwood et al. (43)
Liang et al. (57)

SCR,PCR,ALIC,SFO

LDDMM
1,000.2 TBSS

3,700
7,000
10,000

88
75
103

3T
1.5T
3T
3T
3T
3T

452 £2.3
50.56+8.5
285149

Cross-sectional

Liang et al. (47)
Zhu (35)

SCR,PCR,ALICILF,SLF,CST

+

Cross-sectional

CC,CING,ATR,UNC
CC,GCL,0PL

CcART
cART

DTI-TK -

1,000

146HIV+, 34Cotrol

Cross-sectional

Paul et al. (42)

126 £ 3.5
54.8 + 6.6
99+24

29HIV+-, 35Cotrol
82HIV+, 40Cotrol
75HIV+, 30Cotrol

Follow-up

Blokhuis et al. (40)

CC,SLFALIC,FX,CST

Unknown
ART

TBSS +

TBSS

1,000
1,000

Cross-sectional

Cysique et al. (41)

CC,ACR,SCR,PLIC,EC

8,800

88

Cross-sectional

Hoare et al. (37)

The unit of age is year. The units of TR and TE are ms. The unit of b value is mm/s.

the CC changed to a greater degree relative to other WMF.
However, the included analysis research has a large heterogeneity,
which has a great impact on the reliability of the results. The
main source of the aforementioned heterogeneity is the change
of acquisition parameters or biological variables, including field
strength, b value, number of diffusion directions, and application
of TBSS, etc. We divided the studies included in the analysis
into four subgroups according to the age range of the study
subjects, the duration of cART, and the cognitive scale. Based on
the statistical information in Table 2, we grouped three studies
(35, 41, 44) into older subgroups because their participants were
older in several studies. We grouped the two studies (40, 55)
into the same subgroup because they were the only follow-up
studies in the study. Since these three studies (39, 43, 57) were
fully tested on the NP and cognitive scales, we assigned them
to the same subgroup. The last few studies (37, 42, 47, 56)
differed considerably, but they had in common the relatively
young age of the investigators, which led them to be grouped
into the same subgroup. It is worth noting that our groupings
are based on the greatest commonality between studies, and
there may be large differences between studies within the group
on other factors that are still outside the basis of grouping.
After subgroup analysis, the analysis results of the four groups
are as follows: FA in CC, test for subgroup differences: I> =
19.5(chi-squared = 3.73, df = 3, p = 0.29). MD in CC, test for
subgroup differences: I = 40.7 (chi-squared = 5.06, df = 3, p
= 0.17). FA among others WMF test for subgroup differences:
2 = 0 (chi-squared = 0.70, df = 3, p = 0.299). MD among
other WME, test for subgroup differences: 1> = 0 (chi-squared
= 2.63, df = 3, p = 0.45). The significant reduction in the
heterogeneity of the subgroup analysis indicates the correctness
of the subgroups. It also proves that the above grouping basis
is the source of heterogeneity. The funnel plot showed that the
asymmetry between studies was more pronounced in FA values
than in MD values, because the two funnel plots associated with
MD values have more studies with built-in confidence intervals
than the two funnel plots associated with FA values, suggesting
a greater publication bias. We used the cut-and-complement
method to eliminate the studies with large deviations from
the mean. We tried to exclude studies that were far from
the confidence interval in the two analyses related to the FA
value [FA in CC except (37, 56), FA among other WMEF,
except (35, 39)] and obtained the results of the funnel plot
(Figure 3). The results showed that the combined effect size
estimates did not change significantly, and the funnel plot did
not change significantly. This indicates that there is publication
bias in the FA value among studies, but it is not obvious, the
publication bias has less effect, and the results are relatively robust
(Figure 4).

Although the main reason for the high heterogeneity was not
found in the funnel chart, we still summarized the differences in
acquisition parameters, demographics, serology, and treatment
time between studies in the extraction stage before the included
studies. The field strength (range 1.5T—3T), number of diffusion
directions (range 6-64), age of participants (range 4-69 years),
nadir CD4 count (range 33.5-221.8*10%/L), current CD4 count
(range 230.4-980%10°/L), cART duration (range 0-72 months),
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FIGURE 3 | Funnel plot of meta-analysis results. These four figures represent FA in CC, FA in CC except (37, 56), FA among other WMF, FA among other WMF
[except (35, 39)].

cognitive scale test (Wisconsin Cognitive Test, Global Defect
Score, and Frascati Manual). There is high heterogeneity in
FA and MD values among the four groups of studies. These
differences in white matter microstructures between groups may
be caused by changes in the above-mentioned image acquisition
parameters or biological variables.

Meta-analysis results of FA and MD values in CST, SLE, and
IFOF show (Figure 5): FA value in CST (SMD = —0.41; 95%
CI: —1.06 to 0.25), test for overall effect: Z = 1.21(p = 0.22),
with high study heterogeneity (chi-squared = 77.40, df = 6, p
< 0.00001)and I> = 92%; MD value in CST (SMD = 0.77; 95%
CI: 0.55 to 0.99), test for overall effect: Z = 6.99 (p < 0.00001),
with low study heterogeneity (chi-squared = 8.47, df = 6, p =
0.21) and I* = 29%; FA value in SLF (SMD = —0.67; 95% CI:
—0.87 to —0.47), test for overall effect: Z = 6.46 (p < 0.00001),
with low study heterogeneity (chi-squared =7.77, df = 6, p =
0.26) and 1> = 23%; MD value in SLF (SMD = 0.03; 95% CI: 0.02
to 0.04), test for overall effect: Z = 6.45 (p < 0.00001), with low
study heterogeneity (chi-squared =10.57, df = 6, p = 0.10) and
12 = 43%; FA value in IFOF (SMD = —0.63; 95% CI: —0.80 to
—0.46), test for overall effect: Z = 7.29(p < 0.00001), with low

study heterogeneity (chi-squared =1.98, df = 6, p = 0.92) and
2 = 0; MD value in IFOF (SMD = 0.68; 95% CI: 0.41 to 0.94),
test for overall effect: Z = 4.95 (p < 0.00001), with low study
heterogeneity (chi-squared =12.76, df = 6, p = 0.05) and I> =

53%. The results revealed that the heterogeneity of FA values
and MD values in the rest regions of interest was low, except for
the higher heterogeneity of FA values in the CST region and the
slightly higher MD values in the IFOF region. This suggests that
although there are differences between studies in larger regions
such as the CC or other projection fibers, associative fibers, the
consistency of findings between the selected smaller regions of
interest is high.

Despite the studies included in the analysis have carried out
tracing of WMF in the whole brain area, the differences in
measurement parameters such as b value and diffusion directions
have led to the white matter in different areas under the premise
of similar biological conditions. Fiber DTI parameters still have
high heterogeneity, which is unavoidable in subgroup analysis.
In terms of the trend of this difference, the integrity of the
CC is better than other commissural fibers, association fibers,
and projection fibers. Therefore, except for the CC, our unified
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FIGURE 4 | Funnel plot of meta-analysis results. These four figures represent FA in CC, MD in CC, FA among other WMF, MD among other WMF.

analysis of other WMF will minimize the differences between
different studies due to different image acquisition parameters
and then infer the main source of heterogeneity between studies.
There is less heterogeneity between studies in smaller ROIs than
in CCs or other larger white matter tracts, which may suggest that
differences in subjects, parameters, and methods between studies
have less effect on smaller ROIs, whereas such differences in
CC would have additive effects, increasing heterogeneity between
studies. Taking into account some regional differences in the
measurement, the observed heterogeneity of the CC and other
WMEF between FA value and MD value groups may also be
due to the sampling of different WMFs in different studies. To
more closely study the changes in the CC of FA value and MD
value that are related to the cognitive impairment status under
HIV infection, we repeated the measurement several times and
adopted the fixed-effects model and the random-effects model,
respectively, and obtained higher levels in CC, FA value, and
lower MD value. As far as the inside of the CC is concerned,
the degree of change in the genu and body is higher than
that of the splenium. In addition to the differences in DTI
parameters between studies, neurocognitive function scales and
age are decisive factors for high heterogeneity between studies,

and factors such as cART drug selection and duration, and the
number of CD4+ T cells also play an important role.

System Review

Among the 10 articles excluded from the meta-analysis, eight
studies suggested that the difference between FA value and or MD
value between patients with HAND and the control group was
statistically significant, and one study concluded that AD value
at the ANI stage the reduction was limited to the left anterior
thalamus the fronto-occipital lobe, and the left SLF, and the FA
value, MD value, RD value, and AD value were not significant
(36, 49, 51, 64). A total of four studies used the Wisconsin Card
Sorting Test. In the test, the AD value was negatively correlated
with the language fluency test and positively correlated with the
attention/work area. The MD value of the CC and the memory
(learning/delayed recall) score and information processing speed
scores are negatively correlated. Fine motor scores are negatively
correlated with the MD and AD values of the CC (52). DTI
studies on the changes in the microstructure of white matter
in patients with HIV found that in early HAND, the damaged
part is the CC. As the disease progresses: extensive damage to
the cerebral white matter, mainly in the CC, fronto-parietal lobe,
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FIGURE 5 | Meta-analysis results of FA and MD between the HIV positive group and the control group. (A-F) Represent FA in CST, MD in CST (*10~3), FA in SLF, MD
in SLF (*10-3), FAin IFOF, MD in IFOF (*1079).
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corona radiata, center of semiovale, the so-called periventricular
white matter area. Li’s research believes that DTI parameters
effectively quantify the changes in the CC and the radiation
coronal area (the MD value is significantly increased). In patients
with ANI, WM has obvious damage, and the WMFs around
the ventricle are often the first area. The pathological basis of
this injury is axon damage rather than demyelinating disease
(52). Graph theory-based studies of WM topology revealed that
the untreated group had lower aggregation coeflicients, weaker
structural segregation, integration, and connectivity strengths.
The overall clustering coefficient was lower in the treatment
group, indicating a segregated brain network and lower nodal
degree in the left thalamus.

A total of three studies involved follow-up and longitudinal
studies. The participants included children, adolescents, and the
elderly (45, 46). In general, white matter microstructure damage
has been found in people of all ages. After the same period
of cART, the differences in HIV serum status, viral load, and
cognitive function between different age groups are statistically
significant. In elderly patients with HAND, it is reasonable
to conclude that individuals accelerate aging after excluding
other neurodegenerative diseases and cerebrovascular diseases.
The changes in DTI parameters are manifested as a significant
decrease in FA and a significant increase in MD of the CC
and internal capsules (ICs). For the children group, the results
of the directional neurodevelopmental test underestimated the
degree of damage to the white matter fiber bundles reflected
by the changes in DTI parameters. The decrease in FA value
and the increase in MD value were most obvious in IFOF (65).
Kuhn’s study found that there is a significant interaction between
the increase in age and the damage of HIV to WME, which is
manifested in the older patient group and the younger patient
group having significantly lower FA values and higher MD values,
AD values, and RD values. Compared with the elderly healthy
control group, the elderly patient group also has a similar trend,
but the changes in the parameters are more minor (45).

There are two studies that quantitatively analyze the length
and integrity of WMF. Woodruff measured the whole brain
fiber length and the length of 6 white matter tracts on 135
patients with HIV-positive and 21 healthy controls and found
that the whole brain fiber length was significantly reduced,
but the average of the 6 white matter tract lengths was not
significantly different (54). Although the patients were treated
with cART, the length of whole brain fibers was significantly
reduced in patients with HIV-positive (including some patients
with ANI) and healthy controls, especially in anterior thalamic
radiation (ATR), inferior longitudinal fasciculus (ILF), lower
review, and bundle under the forehead. However, it is worth
noting that there is no correlation between the shortening
of fiber length and poor cognitive function and serum viral
indicators. The white matter integrity of the HAND group
was significantly poorer, especially in the PTR, IC, EC, and
CC (66).

All study participants are on antiretroviral therapy. Some
studies have found that as the duration of antiretroviral therapy
increases, the FA value will increase and the MD value will
decrease compared to the acute infection period of HIV (49, 64).

However, as the duration of continuous treatment continues
to extend, FA values will decrease and MD will increase,
accompanied by impairment of cognitive function, and this trend
will become more obvious as the duration of treatment is further
extended. The range of changes in DTI parameter values in the
brain will gradually expand (49).

Emotional change is often one of the manifestations of
cognitive impairment, and it is also a symptom that is relatively
easy to find clinically. Some studies have taken a different
approach (64). By conducting neurocognitive scale and anxiety
level tests, patients with HAND have significant differences in
the four cognitive function areas compared with HIV-negative
controls. The incidence of anxiety in patients with HAND is
significantly higher. In the control group, the degree of anxiety
is correlated with the change of DTI parameters. Poor cognitive
ability is correlated with higher MD value, lower FA value, and
more serious anxiety state (64).

DISCUSSION

Meta-analysis results showed that compared with the control
group, the DTT parameters of the whole brain of patients with
HAND showed a trend of decreasing FA value and increasing MD
value. The change value of the CC is more obvious than that of
other fibers, which is also a strong evidence of the microstructure
damage of white paper fibers (66-68). However, there is a
large heterogeneity among the studies included in the analysis,
and the difference in sequence parameters and brain region
selection between different studies is not sufficient to explain this
heterogeneity. When we conducted a subgroup analysis based
on the differences in the demographics, cART duration, and
neurocognitive scales of the study subjects, the heterogeneity of
the study decreased significantly, and no significant publication
bias was found. This proves that the grouping basis of the above
subgroups is the source of heterogeneity in the analysis. The DTI
parameter metrics heterogeneity of the CC is still higher than
that of other WMF after subgroup analysis, suggesting that the
source of the CC heterogeneity may be more complicated, which
is worthy of further consideration and exploration (69-71).
Although high heterogeneity still exists, there is still a significant
correlation between changes in white matter fiber structure and
changes in DTI parameters, and changes in white matter fiber
structure are one of the necessary conditions for the diagnosis
of HAND. Although the research design, research objects, and
statistical methods included in the analysis are not the same,
the correlation between the above three has been verified in
all studies.

A large number of studies have proved that the changes in
DTI parameters of neurodegenerative diseases including HAND
are mainly FA and MD values (72). The changes in AD and RD
values vary greatly between studies, so they were not included
in the meta-analysis. However, the current research generally
believes that there is a negative correlation between the change of
RD value and the FA value, and that there is a positive correlation
between the change of AD value and the change of MD value
(73, 74). In the pathological basis of neurodegenerative diseases,
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the change of RD value is related to myelin damage, and the
change of AD value is related to neuronal axon damage (75). The
change of RD value is often earlier than the AD value, suggesting
that damage of axon is very likely earlier than myelin damage.
However, it is very difficult for traditional imaging methods to
find damage of axon, which means that patients with HAND
have neuronal damage or even death before they have positive
imaging findings (76, 77). However, it is worth mentioning
that the change of FA value and MD is prompting the change
of white fiber structure, which also illustrates the advantages
of DTI. However, the diagnosis of HAND requires a certain
degree of structural change and functional changes (78). We
cannot make diagnosis based on the changes of DTI parameters.
Therefore, in addition to DTI, there are more neuropsychological
examinations and imaging examinations to support
this diagnosis.

The changes in DTI parameter values of patients with HAND
in each stage are different. Cysique found that the DTT parameter
value of the white matter fiber tracts of patients in the ANT stage
was close to normal, and only the difference in the MD value
of anterior limb of internal capsules (ALICs) was statistically
significant (79). Compared with healthy controls and patients
with ANI, patients in MND and HAD had lower FA values
of the cingulate cortex and FX, and higher MD values of the
FX and EC. However, patients with stronger CNS penetrating
antiretroviral drugs have higher CD4+4 T cells, lower MD
values, and higher FA values (41, 80, 81). Oh (56) believes that
compared with the healthy group, the decline in information
processing speed, memory, executive ability, and fine motor
function of patients with HAND in the ANI and MND stages
is significantly related to the destruction of the integrity of the
white matter fiber microstructure of the frontal and parietal lobe.
Compared with patients with HIV-positive without cognitive
impairment, patients with HAND have significant changes in
the structure of the bilateral SLE which is also related to
cognitive decline.

Unlike common cognition, neurocognitive impairment
caused by HIV infection can also occur in adolescents and
children. Hoare found that among children aged 6-16, whether
they experience cART or not, the integrity of WMF and
neurocognitive functions is impaired, and a considerable
number of people suffer from HIV-encephalopathy (HIVE).
Compared with the uninfected group, patients in the infected
group had higher MD values of bilateral EC, left FX, CC, and
left former corona radiata area (48). Compared with patients
who received cART treatment, patients who received treatment
had higher MD values of the left EC and CC (37). Compared
with acquired patients with HIV, patients with HIV in the
perinatal period have a higher risk of changes in white matter
structure (82, 83). Uban’s study (84) concluded that, in addition
to the AD value, the differences in FA, MD, and RD values
between perinatal patients with HIV and healthy controls are
statistically significant. The viral load is significantly correlated
with the change of the DTI parameter value of the IFOF on
the right.

For the elderly, the source of cognitive impairment in patients
with HIV-positive not only comes from inflammation in the

brain caused by viral infection, but may also come from other
neurodegenerative diseases. This may be a huge blow to the
cognitive function of the elderly (38, 85). Underwood (86)
compared the cognitive function test results of 134 patients with
HIV-positive and 79 healthy controls and found that the positive
group had impairments in 4 cognitive domains (6 domains in
total). The white matter volume of the positive group did not
decrease significantly, but the FA value decreased, and the MD
value and RD value increased, indicating that the white matter
microstructure was damaged. Watson’s study (43) showed that
with the prolonged antiretroviral therapy, there was no difference
in white matter intensity between the HIV-infected group and
the healthy control group. However, for elderly individuals, the
burden of WMH is associated with higher cardiovascular risks
and worse DTI parameter values are correlated, and the latter is
correlated with worse neurocognitive function test performance.

Partial immune reconstitution is an inevitable process in
patients with HIV undergoing antiretroviral therapy. However,
some studies have suggested that partial immune reconstitution
also seems to be one of the conditions that induce cognitive
impairment. Zhu’s research (50) suggests that the range of
changes in DTI parameters increases with the prolonged
infection time, and the decrease in FA is mainly in the GCC,
bilateral corona radiata area, and bilateral cingulate cortex, but
the changes in FA values are only more pronounced in the
MND stage (35). Compared with the ANI stage, the MD value
of patients in the MND stage extends from the bilateral rear
frontal lobes to the bilateral prefrontal lobes. The SLF, ILF, and
the subfrontal occipital fascicle are important components of the
language pathway, and the CC is another language control area.
The changes in the DTI parameter values in the above-mentioned
areas are the manifestations of language function impairment
(87, 88).

The neurocognitive scale is an important tool for evaluating
cognitive impairment, and it cooperates with DTT to complete
the diagnosis of HAND. Dreyer used 20 different methods
to diagnose HAND on 148 HIV-positive participants and
obtained patients white matter and gray matter images. The
accuracy of the 20 different methods was between 20 and
97%, and a single neurocognitive amount table assessment or
DTI examination and the accuracy of reflecting the cognitive
deficits of patients with HIV are relatively poor (89). The
currently commonly used neurocognitive scales include the
Global Defect Score (GDS), Wisconsin Cognitive Test (WCT),
Frascati Standard, and Montreal Cognitive Assessment (MoCA)
(90, 91). Mukherjee (92) considers that the accuracy and
credibility of MoCA’s diagnostic evaluation for different degrees
of HAND is higher than the traditional Frascati standard after
the correction of demographics, but there are still shortcomings
such as complex statistical methods and inconvenience for large-
scale development.

Current researches believed that retinopathy is related to brain
white matter fiber damage, so some research has taken a different
approach (93, 94). Blokhuis (95) studied the differences in the
microstructure of the retina and WMF between patients with
HIV and the control group and found that the lower thickness of
the fovea and surrounding retina in patients with HIV-positive
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was associated with lower FA values and higher MD and RD
values. The thickness of the retina is related to the damage of
white matter and has nothing to do with the decrease of brain
volume, suggesting that the two have a common pathogenesis.
HIV may jointly affect the maturation of the optic nerve and
white matter (40).

Smoking or the abuse of other addictive drugs (such as
marijuana, cocaine, methamphetamine, etc.) may aggravate
the cognitive impairment of patients with HAND, and more
and more studies are now focusing on this (96, 97). Liang
(98) compared smoking patients with HIV-positive with non-
smoking patients with HIV-positive and found that smoking
patients with HIV-positive have higher diffusivity in GCC, SCC,
and anterior corona radiata area, which indicates a decline in
cognitive function. The higher AD value predicts that smoking
patients with HIV-positive have slower information processing
speed and lower attention, indicating that smoking is a risk
factor for HAND. Wakim’s study (47) concluded that patients
with HIV-positive with cocaine dependence have a higher risk
of mortality and cognitive impairment, which may be related
to increased myelin damage. Cordero (44) believes that HIV
is related to the white matter integrity of the entire brain, but
cocaine dependence does not seem to exacerbate the effects of
HIV. In the future, there will be more relevant research attention
to further explore the correlation between other cognitive
impairment risks and HAND.

LIMITATION

Diffusion tensor imaging is the most classic and clinically widely
used diffusion imaging technique. It has good sensitivity for
white matter microstructural abnormalities, but its specificity is
not high enough. In DTT data interpretation, the most common
misconceptions relate to scalar (such as AD, FA, MD, and RD,
and so on) results. In general, higher MD values and lower FA
values indicate compromised fiber integrity due to increased
diffusion in the main fiber direction and loss of fiber myelination
(99). However, sometimes, the results are inaccurate, and the
relationship between abnormal levels and structural changes is
not necessarily related, so it is necessary to combine other test
results and supplementary data. Compared with the traditional
DTI and DKI models, the neurite direction dispersion and
density imaging (NODDI) (100) designed in the recent years
can more directly and accurately reflect the microstructure of
brain tissue. For our meta-analysis, although the number of
study samples met the criteria, it was not sufficient. This may
increase the risk of publication bias between studies and make

REFERENCES

1. Antinori A, Arendt G, Becker JT, Brew BJ, Byrd DA, Cherner M, et al.
Updated research nosology for HIV-associated neurocognitive disorders.
Neurology. (2007) 69:1789-99. doi: 10.1212/01.WNL.0000287431.88658.8b

2. Wang Y, Liu M, Lu Q, Farrell M, Lappin JM, Shi ], et al. Global prevalence
and burden of HIV-associated neurocognitive disorder: a meta-analysis.
Neurology. (2020) 95:e2610-21. doi: 10.1212/WNL.0000000000010752

our results appear less robust (101). We will further collect the
latest articles in the future, which is also a validation of our
analysis results.

CONCLUSION

Through meta-analysis and system review, we have obtained
the changes in DTI parameter metrics of patients with HAND.
Although there is still great heterogeneity between the studies,
the changes occurred in parameter values (decrease in FA value
and increase in MD value) and cognition. There is a significant
correlation with functional impairment, which is more obvious
in the CC. The degree of cognitive impairment is also related to
the factors such as cART duration, neurocognitive scale selection,
serum viral load, and CD4+-T cell level. DTI can be an important
tool in the diagnosis of HAND, but it has disadvantages such as
poor specificity, many artifacts, and susceptibility to cross-fiber
interference. Moreover, HAND cannot be accurately diagnosed
by DTI examination or neurocognitive scale test alone. It must
be combined with other imaging methods and clinical laboratory
tests to effectively evaluate cognitive impairment and structural
changes in the brain in patients with HIV.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author/s.

AUTHOR CONTRIBUTIONS

JM is responsible for article writing and data collection. FX is
responsible for finding references. XY is responsible for the use
of meta-analysis methods. HL is responsible for guiding the ideas
and writing directions of the article. All authors contributed to
the article and approved the submitted version.

FUNDING

This work was supported by the National Natural Science
Foundation of China (Grant Nos. 81771806 and 61936013),
the Beijing Natural Science Foundation (7212051), AI key
R&D project of Beijing Municipal Science and Technology
Commission (Z211100003521003), Ministry of Science and
Technology International Cooperation Project (2020ZX100),
and Key R&D chief project of the Ministry of Science and
Technology (2020ZX178).

3. Cohen RA, Gullett JM, Porges EC, Woods AJ, Lamb DG, Bryant VE, et al.
Heavy alcohol use and age effects on hiv-associated neurocognitive function.
Alcohol Clin Exp Res. (2019) 43:147-57. doi: 10.1111/acer.13915

4. Heaton RK, Clifford DB, Franklin DR Jr, Woods SP, Ake C,
Vaida E et al. HIV-associated neurocognitive disorders persist
in the era of potent antiretroviral therapy: CHARTER Study.
Neurology.  (2010)  75:2087-96.  doi:  10.1212/WNL.0b013e31820
0d727

Frontiers in Neurology | www.frontiersin.org

13

July 2022 | Volume 13 | Article 898191


https://doi.org/10.1212/01.WNL.0000287431.88658.8b
https://doi.org/10.1212/WNL.0000000000010752
https://doi.org/10.1111/acer.13915
https://doi.org/10.1212/WNL.0b013e318200d727
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Ma et al.

Application of DTl in HAND

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

. Peluso MJ, Meyerhoff DJ, Price RW, Peterson ], Lee E, Young AC, et

al. Cerebrospinal fluid and neuroimaging biomarker abnormalities suggest
early neurological injury in a subset of individuals during primary HIV
infection. J Infect Dis. (2013) 207:1703-12. doi: 10.1093/infdis/jit088

. Saylor D, Dickens AM, Sacktor N, Haughey N, Slusher B, Pletnikov M.

HIV-associated neurocognitive disorder—pathogenesis and prospects for
treatment. Nat Rev Neurol. (2016) 12:234-48. doi: 10.1038/nrneurol.2016.27

. Van Marle G, Rourke SB, Zhang K, Silva C, Ethier J, Gill MJ, et al.

HIV dementia patients exhibit reduced viral neutralization and increased
envelope sequence diversity in blood and brain. AIDS. (2002) 16:1905-
14. doi: 10.1097/00002030-200209270-00007

. Brines M, Cerami A. Emerging biological roles for erythropoietin in the

nervous system. Nat Rev Neurosci. (2005) 6:484-94. doi: 10.1038/nrn1687

. Ances BM, Ortega M, Vaida E, Heaps J, Paul R. Independent effects of HIV,

aging, and HAART on brain volumetric measures. ] Acquir Immune Defic
Syndr. (2012) 59:469-77. doi: 10.1097/QAI.0b013e318249db17

Matchanova A, Woods SP, Kordovski VM. Operationalizing and
evaluating the Frascati criteria for functional decline in diagnosing
HIV-associated neurocognitive disorders in adults. J Neurovirol. (2020)
26:155-67. doi: 10.1007/s13365-019-00809-z

Phillips NJ, Thomas KGE, Myer L, Sacktor N, Zar HJ, Stein DJ, et
al. Screening for HIV-associated neurocognitive disorders in perinatally
infected adolescents: youth-International HIV Dementia Scale validation.
AIDS. (2019) 33:815-24. doi: 10.1097/QAD.0000000000002144

Nir TM, Jahanshad N, Busovaca E, Wendelken L, Nicolas K, Thompson PM,
et al. Mapping white matter integrity in elderly people with HIV. Hum Brain
Mapp. (2014) 35:975-92. doi: 10.1002/hbm.22228

Li C, Zhang X, Komery A, Li Y, Novembre FJ, Herndon JG. Longitudinal
diffusion tensor imaging and perfusion MRI investigation in a macaque
model of neuro-AIDS: a preliminary study. Neuroimage. (2011) 58:286—
92. doi: 10.1016/j.neuroimage.2011.05.068

LiJ, Wu G, Wen Z, Zhang J, Lei H, Gui X, et al. White matter development
is potentially influenced in adolescents with vertically transmitted HIV
infections: a tract-based spatial statistics study. AJNR Am ] Neuroradiol.
(2015) 36:2163-9. doi: 10.3174/ajnr.A4417

Peters BD, Szeszko PR, Radua J, Ikuta T, Gruner P, DeRosse P, et al. White
matter development in adolescence: diffusion tensor imaging and meta-
analytic results. Schizophr Bull. (2012) 38:1308-17. doi: 10.1093/schbul/
sbs054

Hoare J, Fouche JP, Spottiswoode B, Donald K, Philipps N, Bezuidenhout H,
et al. A diffusion tensor imaging and neurocognitive study of HIV-positive
children who are HAART-naive “slow progressors”. | Neurovirol. (2012)
18:205-12. doi: 10.1007/s13365-012-0099-9

Wu Y, Storey P, Cohen BA, Epstein LG, Edelman RR, Ragin AB. Diffusion
alterations in corpus callosum of patients with HIV. AJNR Am ] Neuroradiol.
(2006) 27:656-60.

Finkelstein A, Faiyaz A, Weber MT, Qiu X, Uddin MN, Zhong J,
et al. Fixel-based analysis and free water corrected DTI evaluation

of HIV-associated neurocognitive disorders. Front Neurol. (2021)
12:725059. doi: 10.3389/fneur.2021.725059
Jernigan TL, Archibald SL, Fennema-Notestine C, Taylor M]J,

Theilmann RJ, Julaton MD, et al. Clinical factors related to brain
structure in HIV: the CHARTER study. ] Neurovirol. (2011)
17:248-57. doi: 10.1007/s13365-011-0032-7

Smith SM, Jenkinson M, Johansen-Berg H, Rueckert D, Nichols
TE, Mackay CE, et al. Tract-based spatial statistics:
analysis of multi-subject diffusion data.  Neuroimage.
31:1487-505. doi: 10.1016/j.neuroimage.2006.02.024

Strain JE, Burdo TH, Song SK, Sun P, El-Ghazzawy O, Nelson B, et al.
Diffusion basis spectral imaging detects ongoing brain inflammation in
virologically well-controlled HIV+- patients. ] Acquir Immune Defic Syndr.
(2017) 76:423-430. doi: 10.1097/QAI.0000000000001513

Sanford R, Fellows LK, Ances BM, Collins DL. Association of
brain structure changes and cognitive function with combination
antiretroviral therapy in HIV-positive individuals. JAMA Neurol. (2018)
75:72-9. doi: 10.1001/jamaneurol.2017.3036

Ma Q, Vaida E Wong J, Sanders CA, Kao YT, Croteau D, et al
CHARTER Group. Long-term efavirenz use is associated with worse

voxelwise
(2006)

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

neurocognitive functioning in HIV-infected patients. J Neurovirol. (2016)
22:170-8. doi: 10.1007/s13365-015-0382-7

Ragin AB, Wu Y, Gao Y, Keating S, Du H, Sammet C, et al. Brain alterations
within the first 100 days of HIV infection. Ann Clin Transl Neurol. (2015)
2:12-21. doi: 10.1002/acn3.136

Mac Donald CL, Dikranian K, Bayly P, Holtzman D, Brody D. Diffusion
tensor imaging reliably detects experimental traumatic axonal injury
and indicates approximate time of injury. J Neurosci. (2007) 27:11869-
76. doi: 10.1523/]NEUROSCI.3647-07.2007

Smurzynski M, Wu K, Letendre S, Robertson K, Bosch RJ, Clifford
DB, et al. Effects of central nervous system antiretroviral penetration
on cognitive functioning in the ALLRT cohort. AIDS. (2011) 25:357-
65. doi: 10.1097/QAD.0b013e3283417118

Baroncini M, Jissendi P, Balland E, Besson P, Pruvo JP, Francke JP, et
al. MRI atlas of the human hypothalamus. Neuroimage. (2012) 59:168-
80. doi: 10.1016/j.neuroimage.2011.07.013

Sasson GM E, Doniger, Pasternak O, Tarrasch R, Assaf Y. White matter
correlates of cognitive domains in normal aging with diffusion tensor
imaging. Front Neurosci. (2013) 7:32. doi: 10.3389/fnins.2013.00032
Stubbe-Drger B, Deppe M, Mohammadi S, Keller SS, Kugel H, Gregor
N, et al. Early microstructural white matter changes in patients
with HIV: a diffusion tensor imaging study. BMC Neurol. (2012)
12:23. doi: 10.1186/1471-2377-12-23

Chen Y, An H, Zhu H, Stone T, Smith JK, Hall C, et al. White
matter abnormalities revealed by diffusion tensor imaging in non-
demented and demented HIV+ patients. Neuroimage. (2009) 47:1154-
62. doi: 10.1016/j.neuroimage.2009.04.030

Nakasujja N, Miyahara S, Evans S, Lee A, Musisi S, Katabira
E, et al. Randomized of minocycline in the
of  HIV-associated  cognitive  impairment.  Neurology.
80:196-202. doi: 10.1212/WNL.0b013e31827b9121

Vance DE, Fazeli PL, Azuero A, Wadley VG, Jensen M, Raper JL. Can
computerized cognitive training reverse the diagnosis of HIV-associated
neurocognitive disorder? A research protocol. Res Nurs Health. (2018) 41:11-
8. doi: 10.1002/nur.21841

Dhollander T, Clemente A, Singh M, Boonstra E Civier O,
Duque JD, et al. Fixel-based analysis of diffusion MRI: methods,
applications, challenges and opportunities.  Neuroimage. (2021)
241:118417. doi: 10.1016/j.neuroimage.2021.118417

Li Y, Guo T, Guan X, Gao T, Sheng W, Zhou C, et al. Fixel-based analysis
reveals fiber-specific alterations during the progression of Parkinson’s
disease. Neuroimage Clin. (2020) 27:102355. doi: 10.1016/j.nicl.2020.102355
Zhu T, Zhong ], Hu R, Tivarus M, Ekholm S, Harezlak J, et al. Patterns of
white matter injury in HIV infection after partial immune reconstitution:
a DTI tract-based spatial statistics study. J Neurovirol. (2013) 19:10-23.
doi: 10.1007/513365-012-0135-9

Correa DG, Zimmermann N, Doring TM, Wilner NV, Leite SCB, Cabral
RE et al. Diffusion tensor MR imaging of white matter integrity in HIV-
positive patients with planning deficit. Neuroradiology, (2015) 57:475-82.
doi: 10.1007/500234-015-1489-5

Hoare ], Fouche JP, Phillips N, Joska JA, Paul R, Donald KA, et al. White
matter micro-structural changes in ART-naive and ART-treated children
and adolescents infected with HIV in South Africa. AIDS. (2015) 29:1793-
801. doi: 10.1097/QAD.0000000000000766

Uban KA, Herting MM, Williams PL, Ajmera T, Gautam P, Huo
Y, et al. White matter microstructure among youth with perinatally
acquired HIV is associated with disease severity. AIDS. (2015) 29:1035-
44. doi: 10.1097/QAD.0000000000000648

Ackermann C, Andronikou S, Saleh MG, Laughton B, Alhamud AA,
van der Kouwe A, et al. Early antiretroviral therapy in HIV-infected
children is associated with diffuse white matter structural abnormality
and corpus callosum sparing. Am ] Neuroradiol. (2016) 37:2363-9.
doi: 10.3174/ajnr.A4921

Blokhuis C, Demirkaya N, Cohen S, Wit FW, Scherpbier HJ, Reiss
P, et al. The eye as a window to the brain: neuroretinal thickness
is associated with microstructural white matter injury in HIV-infected
children. Invest Ophthalmol Vis Sci. (2016) 57:3864-71. doi: 10.1167/iovs.16-
19716

treatment
(2013)

trial

Frontiers in Neurology | www.frontiersin.org

14

July 2022 | Volume 13 | Article 898191


https://doi.org/10.1093/infdis/jit088
https://doi.org/10.1038/nrneurol.2016.27
https://doi.org/10.1097/00002030-200209270-00007
https://doi.org/10.1038/nrn1687
https://doi.org/10.1097/QAI.0b013e318249db17
https://doi.org/10.1007/s13365-019-00809-z
https://doi.org/10.1097/QAD.0000000000002144
https://doi.org/10.1002/hbm.22228
https://doi.org/10.1016/j.neuroimage.2011.05.068
https://doi.org/10.3174/ajnr.A4417
https://doi.org/10.1093/schbul/sbs054
https://doi.org/10.1007/s13365-012-0099-9
https://doi.org/10.3389/fneur.2021.725059
https://doi.org/10.1007/s13365-011-0032-7
https://doi.org/10.1016/j.neuroimage.2006.02.024
https://doi.org/10.1097/QAI.0000000000001513
https://doi.org/10.1001/jamaneurol.2017.3036
https://doi.org/10.1007/s13365-015-0382-7
https://doi.org/10.1002/acn3.136
https://doi.org/10.1523/JNEUROSCI.3647-07.2007
https://doi.org/10.1097/QAD.0b013e32834171f8
https://doi.org/10.1016/j.neuroimage.2011.07.013
https://doi.org/10.3389/fnins.2013.00032
https://doi.org/10.1186/1471-2377-12-23
https://doi.org/10.1016/j.neuroimage.2009.04.030
https://doi.org/10.1212/WNL.0b013e31827b9121
https://doi.org/10.1002/nur.21841
https://doi.org/10.1016/j.neuroimage.2021.118417
https://doi.org/10.1016/j.nicl.2020.102355
https://doi.org/10.1007/s13365-012-0135-9
https://doi.org/10.1007/s00234-015-1489-5
https://doi.org/10.1097/QAD.0000000000000766
https://doi.org/10.1097/QAD.0000000000000648
https://doi.org/10.3174/ajnr.A4921
https://doi.org/10.1167/iovs.16-19716
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Ma et al.

Application of DTl in HAND

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Cysique LA, Soares JR, Geng G, Scarpetta M, Moffat K, Green M. White
matter measures are near normal in controlled HIV infection except in those
with cognitive impairment and longer HIV duration. J Neurovirol. (2017)
23:539-47. doi: 10.1007/s13365-017-0524-1

Paul RH, Phillips S, Hoare J, Laidlaw DH, Cabeen R, Olbricht GR, et al.
Neuroimaging abnormalities in clade C HIV are independent of Tat genetic
diversity. J Neurovirol. (2017) 23:319-28. doi: 10.1007/s13365-016-0503-y
Underwood J, Cole JH, Caan M, De Francesco D, Leech R, van Zoest RA, et
al. Gray and white matter abnormalities in treated human immunodeficiency
virus disease and their relationship to cognitive function. Clin Infect Dis.
(2017) 65:422-32. doi: 10.1093/cid/cix301

Wakim KM, Molloy CJ, Bell RP, Ross LA, Foxe JJ. White matter changes in
HIV+ women with a history of cocaine dependence. Front Neurol. (2017)
8:562. doi: 10.3389/fneur.2017.00562

Haynes BI, Pitkanen M, Kulasegaram R, Casey SJ, Schutte M, Towgood K, et
al. HIV: ageing, cognition and neuroimaging at 4-year follow-up. HIV Med.
(2018) 19:376-85. doi: 10.1111/hiv.12598

Li RL, Sun J, Tang ZC, Zhang JJ, Li H]. Axonal chronic injury in treatment-
naive HIV+ adults with asymptomatic neurocognitive impairment and its
relationship with clinical variables and cognitive status. BMC Neurol. (2018)
18:66. doi: 10.1186/s12883-018-1069-5

Liang H, Chang L, Chen R, Oishi K, Ernst T. Independent and
combined effects of chronic HIV-infection and tobacco smoking
on brain microstructure. ]  Neuroimmune (2018)
13:509-22. doi: 10.1007/s11481-018-9810-9

Oh SW, Shin NY, Choi JY, Lee SK, Bang MR. Altered white matter integrity
in human immunodeficiency virus-associated neurocognitive disorder:
a tract-based spatial statistics study. Korean ] Radiol. (2018) 19:431-
42. doi: 10.3348/kjr.2018.19.3.431

Davies O, Haynes BI, Casey SJ, Gerbase S, Barker GJ, Pitkanen
M, et al. Clinical and neuroimaging correlates of cognition in
HIV. ] Neurovirol. (2019) 25:754-64. doi: 10.1007/s13365-019-
00763-w

Watson C, Busovaca E, Foley JM, Allen IE, Schwarz CG, Jahanshad
N. White matter hyperintensities correlate to cognition and fiber
tract integrity in older adults with HIV. J Neurovirol. (2017) 23:422-
9. doi: 10.1007/s13365-016-0509-5

Samboju V, Philippi CL, Chan P, Cobigo Y, Fletcher JLK, Robb M, et al.
Structural and functional brain imaging in acute HIV. Neuroimage Clin.
(2018) 20:327-35. doi: 10.1016/j.nicl.2018.07.024

Hoare J, Heany SJ], Fouche JP, Phillips N, Joska JA, Myer L, et
al. Initiation of antiretroviral therapy after the critical neuronal
developmental period of the second postnatal year affects white matter
microstructure in adolescents living with HIV. ] Neurovirol. (2019)
25:254-62. doi: 10.1007/s13365-018-0712-7

Kuhn T, Kufmann T, Doan NT, Westlye LT, Jones J, Nunez RA, et al. An
augmented aging process in brain white matter in HIV. Hum Brain Mapp.
(2018) 39:2532-40. doi: 10.1002/hbm.24019

Ackermann C, Andronikou S, Saleh MG, Kidd M, Cotton MFE, Meintjes
EM, et al. Diffusion tensor imaging point to ongoing functional
impairment in HIV-infected children at age 5, undetectable using
standard neurodevelopmental assessments. AIDS Res Ther. (2020)
17:20. doi: 10.1186/s12981-020-00278-z

Zhao T, Chen ], Fang H, Fu D, Su D, Zhang W. Diffusion tensor
magnetic resonance imaging of white matter integrity in patients with
HIV-associated neurocognitive disorders. Ann Transl Med. (2020) 8:1314.
doi: 10.21037/atm-20-6342

Oh SW, Shin NY, Choi JY, Lee SK, Bang MR. Altered white matter integrity
in human immunodeficiency virus-associated neurocognitive disorder: A
tract-based spatial statistics study. Korean ] Radiol. (2018) 19:431-42.
doi: 10.3348/kjr.2018.19.3.431

Liang H-J, O’Conner EE, Ernst T, Oishi K, Cunningham E, Chang
L. Greater Sensorimotor Deficits and Abnormally Lower Globus
Pallidus Fractional Anisotropy in HIV+ Women than in HIV+ Men. |
Neuroimmune Pharmacol. (2021) 16:334-45. doi: 10.1007/s11481-020-
09915-w

Lin L, Chu H. Quantifying publication bias in meta-analysis. Biometrics.
(2018) 74:785-94. doi: 10.1111/biom.12817

Pharmacol.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Smith ML, Glass GV. Meta-analysis of psychotherapy outcome studies. Am
Psychol. (1977) 32:752-60. doi: 10.1037/0003-066x.32.9.752

Shim S, Yoon BH, Shin IS, Bae JM. Network meta-analysis:
application and practice using Stata. Epidemiol Health. (2017)
39:€2017047. doi: 10.4178/epih.e2017047

Sterne JA, Egger M, Smith GD. Systematic reviews in health care:
Investigating and dealing with publication and other biases in meta-analysis.
BM]J. (2001) 323:101-5. doi: 10.1136/bm;j.323.7304.101

Zhang H, Schneider T, Wheeler-Kingshott ~CA, Alexander
DC. NODDI: practical in vivo neurite orientation dispersion
and density imaging of the human brain. Neuroimage. (2012)

61:1000-16. doi: 10.1016/j.neuroimage.2012.03.072

McGrath S, Zhao X, Steele R, Thombs BD, Benedetti A, DEPRESsion
Screening Data (DEPRESSD) Collaboration. Estimating the sample
mean and standard deviation from commonly reported quantiles
in meta-analysis. Stat Methods Med Res. (2020) 30:962280219889080.
doi: 10.1177/0962280219889080

Cochrane Handbook for Systematic Reviews of Interventions 4.2.6 Updated
September 2006. London: The Cochrane Collaboration (2006). p. 136.

Kuhn T, Jin Y, Huang C, Kim Y, Nir TM, Gullett JM, et al. The joint effect
of aging and HIV infection on microstructure of white matter bundles. Hum
Brain Mapp. (2019) 40:4370-80. doi: 10.1002/hbm.24708

Heaps-Woodruff JM, Joska J, Cabeen R, Baker LM, Salminen LE, Hoare J.
White matter fiber bundle lengths are shorter in cART naive HIV: an analysis
of quantitative diffusion tractography in South Africa. Brain Imaging Behav.
(2018) 12:1229-38. doi: 10.1007/s11682-017-9769-9

Tang Z, Liu Z, Li R, Yang X, Cui X, Wang S, et al. Identifying the white matter
impairments among ART-naive HIV patients: a multivariate pattern analysis
of DTI data. Eur Radiol. (2017) 27:4153-62. doi: 10.1007/s00330-017-4820-1
Tran LT, Roos A, Fouche JP, Koen N, Woods RP, Zar HJ, et
al.  White integrity
outcome of HIV-exposed uninfected neonates.
95:€2577. doi: 10.1097/MD.0000000000002577
Masters MC, Ances BM. Role of
associated  neurocognitive  disorders.
34:89-102. doi: 10.1055/5-0034-1372346

Tang Z, Dong E, Liu ], Liu Z, Wei W, Wang B, et al. Longitudinal assessment
of fractional anisotropy alterations caused by simian immunodeficiency virus
infection: a preliminary diffusion tensor imaging study. J Neurovirol. (2016)
22:231-9. doi: 10.1007/s13365-015-0388-1

Pfefferbaum A, Rosenbloom M]J, Rohlfing T, Kemper CA,
Deresinski S, Sullivan EV. Frontostriatal fiber bundle compromise
in HIV infection without dementia. AIDS. (2009) 23:1977-
85. doi: 10.1097/QAD.0b013e32832¢77fe

Wright PW, Vaida FE Ferniandez RJ, Rutlin J, Price RW, Lee E, et al.
Cerebral white matter integrity during primary HIV infection. AIDS. (2015)
29:433-42. doi: 10.1097/QAD.0000000000000560

Ryu CW, Park MS, Byun JY, Jahng GH,
matter integrity associated with clinical
patients: a tract-based spatial statistics study. Eur Radiol. (2016)
26:2223-32. doi: 10.1007/s00330-015-4034-3

Pope CN, Stavrinos D, Vance DE, Woods AJ, Bell TR, Ball KK, et al. A
pilot investigation on the effects of combination transcranial direct current
stimulation and speed of processing cognitive remediation therapy on
simulated driving behavior in older adults with HIV. Transp Res Part F
Traffic Psychol Behav. (2018) 58:1061-73. doi: 10.1016/j.trf.2018.08.002
Nightingale S, Winston A, Letendre S, Michael BD, McArthur JC, Khoo S, et
al. Controversies in HIV-associated neurocognitive disorders. Lancet Neurol.
(2014) 13:1139-51. doi: 10.1016/S1474-4422(14)70137-1

Lescure FX, Omland LH, Engsig FN, Roed C, Gerstoft ], Pialoux
G, et al. Incidence and impact on mortality of severe neurocognitive
disorders in persons with and without HIV infection: a Danish nationwide
cohort study. Clin Infect Dis. (2011) 52:235-43. doi: 10.1093/cid/
ciq041

Stebbins GT, Smith CA, Bartt RE, Kessler HA, Adeyemi OM, Martin E, et
al. HIV-associated alterations in normal-appearing white matter: a voxel-
wise diffusion tensor imaging study. J Acquir Immune Defic Syndr. (2007)
46:564-73. doi: 10.1097/QAI.0b013e318159d807

and neurobehavioral
Medicine. (2016)

matter microstructural

HIV-
(2014)

neuroimaging in
Semin  Neurol.

Park S.
symptoms in

White
tinnitus

Frontiers in Neurology | www.frontiersin.org

15

July 2022 | Volume 13 | Article 898191


https://doi.org/10.1007/s13365-017-0524-1
https://doi.org/10.1007/s13365-016-0503-y
https://doi.org/10.1093/cid/cix301
https://doi.org/10.3389/fneur.2017.00562
https://doi.org/10.1111/hiv.12598
https://doi.org/10.1186/s12883-018-1069-5
https://doi.org/10.1007/s11481-018-9810-9
https://doi.org/10.3348/kjr.2018.19.3.431
https://doi.org/10.1007/s13365-019-00763-w
https://doi.org/10.1007/s13365-016-0509-5
https://doi.org/10.1016/j.nicl.2018.07.024
https://doi.org/10.1007/s13365-018-0712-7
https://doi.org/10.1002/hbm.24019
https://doi.org/10.1186/s12981-020-00278-z
https://doi.org/10.21037/atm-20-6342
https://doi.org/10.3348/kjr.2018.19.3.431
https://doi.org/10.1007/s11481-020-09915-w
https://doi.org/10.1111/biom.12817
https://doi.org/10.1037/0003-066x.32.9.752
https://doi.org/10.4178/epih.e2017047
https://doi.org/10.1136/bmj.323.7304.101
https://doi.org/10.1016/j.neuroimage.2012.03.072
https://doi.org/10.1177/0962280219889080
https://doi.org/10.1002/hbm.24708
https://doi.org/10.1007/s11682-017-9769-9
https://doi.org/10.1007/s00330-017-4820-1
https://doi.org/10.1097/MD.0000000000002577
https://doi.org/10.1055/s-0034-1372346
https://doi.org/10.1007/s13365-015-0388-1
https://doi.org/10.1097/QAD.0b013e32832e77fe
https://doi.org/10.1097/QAD.0000000000000560
https://doi.org/10.1007/s00330-015-4034-3
https://doi.org/10.1016/j.trf.2018.08.002
https://doi.org/10.1016/S1474-4422(14)70137-1
https://doi.org/10.1093/cid/ciq041
https://doi.org/10.1097/QAI.0b013e318159d807
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Ma et al.

Application of DTl in HAND

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Ragin AB, Storey P, Cohen BA, Epstein LG, Edelman RR. Whole brain
diffusion tensor imaging in HIV-associated cognitive impairment. AJTNR Am
J Neuroradiol. (2004) 25:195-200.

Robinson-Papp J, Navis A, Dhamoon MS, Clark US, Gutierrez-Contreras
J, Morgello S, et al. The use of visual rating scales to quantify brain MRI
lesions in patients with HIV infection. J Neuroimaging. (2018) 28:217-
24. doi: 10.1111/jon.12466

Kamat A, Lyons JL, Misra V, Uno H, Morgello S, Singer EJ, et al.
Monocyte activation markers in cerebrospinal fluid associated with impaired
neurocognitive testing in advanced HIV infection. J Acquir Immune Defic
Syndr. (2012) 60:234-43. doi: 10.1097/QAI.0b013e318256f3bc

Mediouni S, Marcondes MC, Miller C, McLaughlin JP, Valente ST. The cross-
talk of HIV-1 Tat and methamphetamine in HIV-associated neurocognitive
disorders. Front Microbiol. (2015) 6:1164. doi: 10.3389/fmicb.2015.01164
Sutcliffe CG, van Dijk JH, Bolton C, Persaud D, Moss W]. Effectiveness of
antiretroviral therapy among HIV-infected children in sub-Saharan Africa.
Lancet Infect Dis. (2008) 8:477-89. doi: 10.1016/S1473-3099(08)70180-4
Van Rie A, Mupuala A, Dow A. Impact of the HIV/AIDS
epidemic on the neurodevelopment of preschool-aged children in
Kinshasa, Democratic Republic of the Congo. (2008)
122:€123-8. doi: 10.1542/peds.2007-2558

Wycoco V, Shroff M, Sudhakar S, Lee W. White matter anatomy: what
the radiologist needs to know. Neuroimaging Clin N Am. (2013) 23:197-
216. doi: 10.1016/j.nic.2012.12.002

Gutierrez ], Porras TN, Yoo-Jeong M, Khasiyev F, Igwe KC, Laing
KK, et al. Cerebrovascular contributions to neurocognitive disorders in
people living with HIV. ] Acquir Immune Defic Syndr. (2021) 88:79—
85. doi: 10.1097/QAI1.0000000000002729

McMurtray A, Nakamoto B, Shikuma C, Valcour V. Cortical
atrophy and white matter hyperintensities in HIV: the Hawaii
Aging with HIV Cohort Study. ] Stroke Cerebrovasc Dis. (2008)
17:212-7. doi: 10.1016/j.jstrokecerebrovasdis.2008.02.005

Eggers C, Arendt G, Hahn K, Husstedt IW, Maschke M, Neuen-
Jacob E, et al. HIV-1-associated neurocognitive disorder: epidemiology,
pathogenesis, diagnosis, and treatment. | Neurol. (2017) 264:1715-
27. doi: 10.1007/500415-017-8503-2

Tate DE, Conley J, Paul RH, Coop K, Zhang S, Zhou W, et al. Quantitative
diffusion tensor imaging tractography metrics are associated with cognitive
performance among HIV-infected patients. Brain Imaging Behav. (2010)
4:68-79. doi: 10.1007/s11682-009-9086-z

Pomara N, Crandall DT, Choi §J, Johnson G, Lim KO. White matter
abnormalities in HIV-1 infection: a diffusion tensor imaging study.
Psychiatry Res. (2001) 106:15-24. doi: 10.1016/50925-4927(00)00082-2
Dreyer AJ, Nightingale S, Heaps-Woodruff JM, Henry M, Gouse H,
Paul RH, et al. Rates of cognitive impairment in a South African
cohort of people with HIV: variation by definitional criteria and lack of
association with neuroimaging biomarkers. J Neurovirol. (2021) 27:579-
94. doi: 10.1007/s13365-021-00993-x

Nasreddine ZS, Phillips NA, Bédirian V, Charbonneau S, Whitehead V,
Collin I, et al. The Montreal Cognitive Assessment, MoCA: a brief screening
tool for mild cognitive impairment. ] Am Geriatr Soc. (2005) 53:695—
9. doi: 10.1111/j.1532-5415.2005.53221.x

Pediatrics.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Freitas S, Simdes MR, Alves L, Santana I. Montreal Cognitive Assessment:
influence of sociodemographic and health variables. Arch Clin Neuropsychol.
(2012) 27:165-75. doi: 10.1093/arclin/acr116

Mukherjee T, Sakthivel R, Fong HY, McStea M, Chong ML, Omar SE, et al.
Utility of using the montreal cognitive assessment (MoCA) as a screening
tool for HIV-associated neurocognitive disorders (HAND) in multi-ethnic
Malaysia. AIDS Behav. (2018) 22:3226-33. doi: 10.1007/s10461-018-2073-x
London A, Benhar I, Schwartz M. The retina as a window to the
brain-from eye research to CNS disorders. Nat Rev Neurol. (2013) 9:44-
53. doi: 10.1038/nrneurol.2012.227

Tkram MK, Cheung CY, Wong TY, Chen CP. Retinal pathology as biomarker
for cognitive impairment and Alzheimer’s disease. /| Neurol Neurosurg
Psychiatry. (2012) 83:917-22. doi: 10.1136/jnnp-2011-301628

Blokhuis C, Mutsaerts HIMM, Cohen S, Scherpbier HJ, Caan MWA,
Majoie CBLM, et al. Higher subcortical and white matter cerebral
blood flow in perinatally HIV-infected children. Medicine. (2017)
96:€5891. doi: 10.1097/MD.0000000000005891

Gons RA, van Norden AG, de Laat KE van Oudheusden LJ, van Uden
IW, Zwiers MP, et al. Cigarette smoking is associated with reduced
microstructural integrity of cerebral white matter. Brain. (2011) 134(Pt
7):2116-24. doi: 10.1093/brain/awr145

Hile SJ, Feldman MB, Alexy ER, MK. Recent
smoking is associated with poor HIV medical outcomes among
HIV-infected individuals in New York. AIDS Behav. (2016)
20:1722-9. doi: 10.1007/s10461-015-1273-x

Cordero DM, Towe SL, Chen NK, Robertson KR, Madden DJ, Huettel
SA, et al. Cocaine dependence does not contribute substantially to white
matter abnormalities in HIV infection. J Neurovirol. (2017) 23:441-
50. doi: 10.1007/s13365-017-0512-5

Soares JM, Marques P, Alves V, Sousa N. A hitchhiker’s guide to diffusion
tensor imaging. Front Neurosci. (2013) 7:31. doi: 10.3389/fnins.2013.00031
Luo D, Wan X, Liu J, Tong T. Optimally estimating the sample mean from
the sample size, median, mid-range, and/or mid-quartile range. Stat Methods
Med Res. (2018) 27:1785-805. doi: 10.1177/0962280216669183

Irvine tobacco

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Ma, Yang, Xu and Li. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Neurology | www.frontiersin.org

16

July 2022 | Volume 13 | Article 898191


https://doi.org/10.1111/jon.12466
https://doi.org/10.1097/QAI.0b013e318256f3bc
https://doi.org/10.3389/fmicb.2015.01164
https://doi.org/10.1016/S1473-3099(08)70180-4
https://doi.org/10.1542/peds.2007-2558
https://doi.org/10.1016/j.nic.2012.12.002
https://doi.org/10.1097/QAI.0000000000002729
https://doi.org/10.1016/j.jstrokecerebrovasdis.2008.02.005
https://doi.org/10.1007/s00415-017-8503-2
https://doi.org/10.1007/s11682-009-9086-z
https://doi.org/10.1016/S0925-4927(00)00082-2
https://doi.org/10.1007/s13365-021-00993-x
https://doi.org/10.1111/j.1532-5415.2005.53221.x
https://doi.org/10.1093/arclin/acr116
https://doi.org/10.1007/s10461-018-2073-x
https://doi.org/10.1038/nrneurol.2012.227
https://doi.org/10.1136/jnnp-2011-301628
https://doi.org/10.1097/MD.0000000000005891
https://doi.org/10.1093/brain/awr145
https://doi.org/10.1007/s10461-015-1273-x
https://doi.org/10.1007/s13365-017-0512-5
https://doi.org/10.3389/fnins.2013.00031
https://doi.org/10.1177/0962280216669183
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Application of Diffusion Tensor Imaging (DTI) in the Diagnosis of HIV-Associated Neurocognitive Disorder (HAND): A Meta-Analysis and a System Review
	Background
	Materials and Methods
	Article Retrieval
	Inclusion and Exclusion Criteria
	Meta-Analysis and System Review

	Results
	Demographics
	Meta-Analysis
	System Review

	Discussion
	Limitation
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	References


