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ABSTRACT

BACKGROUND AND PURPOSE: In this pilot study, we sought to investigate the pathological changes in the white matter
(WM) of medically complex, combination antiretroviral therapy (cART)-treated patients with human immunodeficiency virus
(HIV), comparing them to patients with long-standing, secondary progressive multiple sclerosis (SPMS).

METHODS: Using diffusion kurtosis imaging (DKI)-derived WM tract integrity (WMTI) metrics, 15 HIV and 15 age- and sex-
matched SPMS patients with similar disease duration underwent magnetic resonance imaging analysis. Maps of WMTI metrics were
created. Tract-based spatial statistics analysis of the whole brain and regions of interest analysis of the corpus callosum (CC)
and the anterior thalamic radiations (ATRs) were performed and the derived WMTI metrics were compared between the groups of
patients.

RESULTS: Axonal water fraction, an index of chronic axonal loss, showed similarities between HIV and the chronic MS patients
in all regions; in contrast, tortuosity, a measure more sensitive to myelin loss, was regionally variable. In addition, in HIV
patients, WMTI metrics of the CC and left ATR were associated with cognitive test scores, suggesting clinical relevance for these
measures of WM damage.

CONCLUSIONS: We conclude that DKI-derived WMTI metrics may be a valuable tool in assessing the WM changes of medically
complex HIV-infected individuals. While not powered to examine potential etiologies of WM changes in this pilot sample, regional
variations in WMTI metrics were seen. When contrasted with changes consequent to chronic MS of similar duration, HIV and its
comorbidities appear to result in similar degrees of axonal damage, but regionally variable amounts of myelin loss and extraxonal
abnormality.
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Introduction from asymptomatic and mild impairment to HIV-associated

Human immunodeficiency virus (HIV) infects cells of the im-
mune system and crosses the blood-brain barrier soon after
seroconversion, inducing the activation of central nervous sys-
tem (CNS) cells of the monocyte-macrophage lineage.! Previ-
ous studies have shown that brain infiltration by immune cells
may cause axonal disruption, synaptic injury, decrease of the
myelin sheath thickness and/or frank myelin loss, astrogliosis,
and, in rare cases, extensive destruction of the white matter
(WM) tracts.2> HIV-associated WM abnormalities are diffuse,
but often involve frontal WM and cortical-subcortical path-
ways, and may disrupt the functional connectivity between the
basal ganglia, thalamus, and neocortex.? Approximately 50%
of patients with HIV are diagnosed with neurocognitive dis-
orders, which may, in part, reflect WM abnormality.”® HIV-
associated neurocognitive disorder (HAND) is characterized by
deficits of attention, memory, executive function, information
processing speed, and decision-making,” whose severity ranges

dementia.

Consequent to the availability of combination antiretroviral
therapy (cART), our understanding of both WM abnormalities
and cognitive/behavioral deficits in individuals with HIV has
become more complicated. As individuals age on virally sup-
pressive therapies, they develop comorbid medical disorders
that in and of themselves may result in WM damage and cog-
nitive change, such as hypertension (HTN), diabetes mellitus
(DM), and chronic liver disease. Furthermore, there have been
suggestions that some ART regimens may be associated with
WM damage.!? Thus, techniques allowing a deeper understand-
ing of the pathogenesis of WM changes in HIV are needed.

Diffusion tensor imaging (DTI) is a noninvasive imaging
method that quantifies the magnitude and directionality of tis-
sue water mobility and provides an unique tool to study WM
abnormalities in vivo.!! Recent studies have found DTI to be
superior to conventional magnetic resonance imaging (MRI)
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in detecting WM abnormalities and predicting the severity of
HAND.’ Diffusion kurtosis imaging (DKI) is an extension of
DTI that enables the quantification of non-Gaussian diffusion
through the estimation of the diffusional kurtosis.”> DKI al-
lows for the quantification of WM tract integrity (WMTI) met-
rics such as intra- and extra-axonal diffusivities, axonal water
fraction, and tortuosity,'? which have been shown to be more
specific than standard DTI to pathological processes in both ex-
perimental models and neurological diseases.’*!8 In a recent
study, we have applied the WMTTI technique to patients with
multiple sclerosis (MS) who are characterized by extensive and
pathologically heterogeneous abnormalities of the WM. We
have found that radial extra-axonal diffusivity was significantly
increased, while axonal water fraction, intra-axonal diffusivity,
and tortuosity were decreased in MS patients compared with
controls.!” With the exception of the axial extra-axonal diffusiv-
ity, all metrics were correlated with the symbol digit modality
test score (P values ranging from .001 to <.05), suggesting that
not only are WMTT metrics sensitive to changes in the WM of
MS patients but also clinically relevant.

Accordingly, we sought to characterize the nature and extent
of pathological changes in the WM of complex patients with
HIV using novel DKI-derived WMTI metrics and to compare
them with those of MS patients with chronic course and long
disease duration. While HIV is not a primarily demyelinating
disorder, it does share with MS features of myelin and ax-
onal damage, as demonstrated in prior neuroimaging studies.'”
Moreover, in order to investigate the clinical relevance of WM
abnormalities in HIV patients, we tested the association be-
tween WMTI metrics measured in the corpus callosum (CC)
and anterior thalamic radiations (ATRs) and patients’ cognitive
performance. We focused our analysis on the CC because it
is a prominent, homogeneous dense WM tract that has been
extensively examined in HIV and MS patients'®?*-?? and on
the ATRs because it is one of the sites of predilection for radi-
ologically defined HIV WM tract pathology.>*

Methods

Eighteen HIV-positive patients were prospectively enrolled in
this study. MRI Data from 3 HIV patients were excluded from
the analysis due to significant motion artifacts. Thus, data from
15 HIV patients (mean age: 55.1 + 6.4, mean disease duration:
21.8 years =+ 5.5) were compared with those of 15 age and gen-
der matched patients with secondary-progressive MS (SPMS)
(mean age: 57.1 £ 7.2, mean disease duration: 17.6 £+ 10.6).
Demographic and clinical characteristics of the study groups
are presented in Table 1.

Inclusion and Exclusion Criteria for HIV Patients

The HIV positive individuals were recruited to an Icahn School
of Medicine Brain Imaging Center-sponsored pilot study from
the ongoing cohort studies of one of the coauthors (SM), the
Manhattan HIV Brain Bank (MHBB; U24MH100931). The in-
tent of the pilot study was to perform a neuroimaging analysis
of a heterogeneous sample of chronically HIV-infected indi-
viduals who had undergone extensive neurocognitive, neuro-
logic, and medical assessment, for the purposes of determining
whether chronic administration of maintenance opioids had
impacts on neurometabolites or brain structure. Accordingly,
recruitment criteria were broad: HIV-positive; participating
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in the ongoing cohort study; either on or off chronic opioid
therapy as demonstrated by urine toxicology testing; ability to
undergo neuroimaging within a month of the primary study
visit in which cognitive characterization was performed; and
on stable cART therapy for a minimum of 3 months. Patients
were medically and cognitively heterogeneous. Exclusion crite-
ria were contraindications for MRI and pregnancy. All subjects
provided written informed consent, and the research was over-
seen by the Mount Sinai Program for the Protection of Human
Subject Institutional Review Board.

Inclusion and Exclusion Criteria for SPMS Patients

MRI data were obtained from MS patients recruited from an
ongoing longitudinal study funded by the National MS Soci-
ety to identify MRI markers of disease progression in patients
with progressive MS. Only MRI data from MS patients with
secondary-progressive course’* and matched for age and sex
with the HIV patients were used for MRI comparisons.

Exclusion criteria for all subjects were: (i) contraindications
to MRI (metal in the body, claustrophobia), (ii) pregnancy, and
(iii) large body habitus.

Clinical Data Collection in HIV Patients

Patients were assessed by clinical interview, review of the med-
ical record, and laboratory testing as part of the MHBB pro-
tocol. Routine MHBB laboratories include: hepatitis B and C
serologies, CD4" T lymphocyte counts, HIV plasma load, and
urine toxicology. Urine toxicology screened for amphetamines,
barbiturates, benzodiazepines, cannabinoids, cocaine, opiates,
phencyclidine, methadone, and propoxyphene. The presence
or absence of HTN, diabetes, obesity, hyperlipidemia, and his-
torical herpes infections (herpes simplex virus, varicella-zoster
virus, and cytomegalovirus) was ascertained by interview and
review of medications and the medical record.

Neuropsychological and Psychiatric Assessment in HIV Patients

The neuropsychological tests used for this study were selected
from a larger battery of tests as previously described.?> The
Trail Making Test, Part A (TMT-A) was selected as a measure of
information processing speed; the Brief Visuospatial Memory
Test-Revised (BVMT-R) as a measure of visual-spatial memory
and the Trail Making Test, Part B (TMT-B) as a measure of
executive functions. In order to minimize the processing speed
component, TMT-B was regressed on TMT-A and the residual
values were used for analyses. Raw scores from all tests were
converted to demographically adjusted T-scores taking into ac-
count the effects of age, sex, and education.?’ We conducted this
preliminary analysis to determine whether, like conventional
DTI, there might be a suggestion of clinical relevance to our
parameters, and to determine which elements of our methodol-
ogy might show indication of potential correlation. Our choice
of individual cognitive tests was not meant to be comprehen-
sive, but to select measures in cognitive domains that continue
to be impacted in cART-era HIV disease; learning and execu-
tive functioning in particular appear to have increased in cART
era populations relative to pre-cART.3

MRI Acquisition

All subjects underwent MRI on a 3T Siemens Skyra scan-
ner (Siemens Medical Solutions, Erlangen, Germany) with a



Table 1. Demographic and Clinical Characteristics of the Study Groups

HIV SPMS P Value
Age Mean (SD) 55.1 & 6.4 Mean (SD) 57.1 &£ 7.2 51
Median 56 Median 57
(Range: 41-65) (Range: 46-73)
Sex 12F,3 M 10F,5M 42
Disease duration Mean (SD) 21.8 &+ 5.5 Mean (SD) 17.6 & 10.6 17
Median 23 Median 13

(Range: 13-30)

Clinical Features of Disease

EDSS Not available
Comorbidities Hepatitis C virus infection (5 patients)
Hypertension (6 patients)
Diabetes (4 patients)
CD4 count Median [IQR] 660 [399, 922]
(Range: 33-1,023)
Nadir CD4 count Median [IQR] 22 [5, 225]
(Range: 1-850)
Plasma HIV load Median [IQR] 21 [0, 95] copies/mL

Chronic opioid use

8 patients (5 on methadone treatment)

(Range: 8-49)

Median 6.0
(Range: 3.0-8.5)
None

Not available

Not available

Not available
None

HIV = human immunodeficiency virus; SPMS = secondary progressive multiple sclerosis; EDSS = expanded disability status scale; SD = standard deviation; IQR =

interquartile range; M = male; F = female.

Table 2. MRI Acquisition Parameters

MRI Acquisition Parameters DKI 3D-T2 3D-T1 MPRAGE
Plane Axial Sagittal Sagittal
TE (milliseconds) 100 566 1.99
TR (milliseconds) 4,700 3,200 2,400
Flip angle 80° N/A 8°
Number of signal averages 6 1 1
Field of view (mm x mm) 224 x 189 256 x 256 224 x 224
Voxel size (mm x mm x mm) 1.8 x 1.8 x 1.8 Ix1xl1 Ix1xl1
Number of slices 78 176 176
Slice thickness (mm) 1.8 1 1
bValue (seconds/mm?) 0/1,000/2,000 N/A N/A
Number of gradient directions 30 N/A N/A

Acquisition time 15 minutes

4.46 minutes 5.35 minutes

DKI = diffusion kurtosis imaging; 3D T2 = 3-dimensional T2-weighted imaging; 3D TIMPRAGE = 3-dimensional T1-weighted magnetization-prepared rapid

gradient-echo imaging; TE = echo time; TR = repetition time; N/A = not applicable.

16-channel head coil for reception. The MRI protocol included:
(a) 3D T1-weighted MPRAGE (TR/TE/TI: 2,400/1.99/1,000
milliseconds; voxel size: 1 mm?; 176 slices); (b) 3D T2-weighted
space (TR/TE: 3,200/566 milliseconds; FoV: 256 x 256; ma-
trix: 256 x 256; slice thickness: 1 mm; 176 slices); (c) multiband
accelerated EPI sequence for DKI (TR/TE = 4,700/100 mil-
liseconds; FoV: 224 x 189 mm; FA: 80°; matrix: 128 x 108;
voxel size: 1.75 x 1.75; slice thickness: 1.8 mm; multiband
acceleration factor 3), 30 diffusion encoding directions with &
values: 0, 1,000, 2,000 seconds/mm?. To correct the field inho-
mogeneity and to improve the signal to noise ratio (SNR), data
were acquired twice with alternating phase-encoding directions
(left/right, right/left). In addition, & = 0 images were averaged
six times for each left/right and right/left phase-encoding di-
rections. DKI approach was not used to compute conventional
DTI metrics. These metrics were estimated from =0 and b=
1,000 data only. Details of the acquisition parameters are pre-
sented in Table 2.

MRI Analysis
Lesion Volume Measurements in HIV and MS Patients

T2 hyperintense lesion volume (T2-LV) measurements were
performed using a semiautomatic segmentation technique
based on local thresholding (Jim version 6, Xinapse Systems,
Essex, UK, http://www.xinapse.com).?’

Diffusion Imaging and White Matter Integrity Metrics

Diffusion MRI data were transferred to an offline workstation
and processed using in-house developed software!” and the
Oxford Centre for Functional MRI of the Brain (FMRIB)’s Dif-
fusion Toolbox within FSL 5.0.7. Motion, eddy current, and
field inhomogeneity corrections were performed in FSL.25-3
b= 0 images were used to extract the brain by using BET func-
tion from FSL.3! Based on the previously introduced model,?

using diffusional kurtosis estimator (DKE) software®® (version
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Fig 1. From left to right, fractional anisotropy, mean diffusivity, axonal water fraction, tortuosity, intra-axonal diffusivity, axial extra-axonal
diffusivity, and radial extra-axonal diffusivity maps of (A) an HIV patient and (B) a secondary progressive multiple sclerosis patient.

2.5.0) conventional DTI metrics (FA, MD), and the following
DKI metrics were derived:

- Axonal water fraction (AWF, which represents the ratio of water
within the intra-axonal space over the total amount of water (i.e.,
water in the intra- and extra-axonal space). This metric is thought
to be a potential marker of chronic axonal loss.

— Tortuosity of the extra-axonal space, which is defined as the ratio
of intrinsic diffusivity in the extra-axonal space over diffusivity in
the extra-axonal space perpendicular to axonal tracts. Tortuosity
is thought to be a marker of demyelination.

— The intra-axonal diffusivity (Daxon), which corresponds to the
diffusivity of water inside of axons. This metric is considered as
a potential marker of acute intra-axonal injury.

- The axial and radial extra-axonal diffusivities (Deaxial and
D yadial, Tespectively), which quantify diffusivity in the extracel-
lular space parallel (i.e., axial) to and perpendicular (i.e., radial)
to axonal tracts. These metrics are specific for extra-axonal pro-
cesses and are considered as potential markers of extracellular

inflammation, gliosis, and demyelination.!!7

AWF and tortuosity values were calculated with the addi-
tional tools provided by the authors of the software. Figure 1
shows representative maps of above-mentioned metrics for an
HIV and SPMS patient.

Tract-Based Spatial Statistical Analysis (TBSS)

Voxelwise statistical analysis of the FA data was carried out
using TBSS (Tract-Based Spatial Statistics),®® part of FSL (FM-
RIB Software Library).** All subjects’ FA maps were registered
to FMRIB58 FA template with the nonlinear registration tool
FNIRT?* and resampled to 1 x 1 x 1 mm® Montreal Neuro-
logical Institute space. All other parametric maps underwent
the same transformations for subsequent processing. Next, a
mean FA image was created and thinned to create a mean FA
skeleton representing the centers of all tracts common to the
group. The FA skeleton was thresholded to FA > .2 to restrict
further analysis to WM regions consisting of single-fiber bun-
dles. All parametric maps of each subject were then projected
onto this FA skeleton for further skeletonized voxelwise statisti-
cal analysis. TBSS analysis was performed across all voxels on
the skeleton by using a permutation-based interference tool for
nonparametric statistical thresholding (randomize; FSL). The
comparison between HIV and SPMS patients in terms of all
parameters within the skeleton was tested by using ¢ tests, with
subject age and sex as a covariate. The number of permutations
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was set to 5,000. The resulting statistical maps were thresh-
olded (two-sided P < .05), with correction for multiple compar-
isons included by using the threshold-free cluster enhancement
option.*® Additionally, lesion masks were created for each pa-
tient on axial FLAIR images, transformed in standard space
and averaged to create a mean lesion mask across all patients.
This was then thresholded to include only voxels in which at
least 10% of patients had a lesion.

Region of Interest Analysis

Regions of interest (ROI) analysis was performed to investigate
group differences between HIV and SPMS patients and corre-
lations between DKI-derived metrics and measures of cognitive
impairment in HIV patients. ROI analysis was restricted to the
CC and to the ATRs (Fig 2). The CC is a prominent, homoge-
neous dense WM tract and has been extensively examined in
HIV and MS patients in previous studies.'®?*-?2 The ATRs con-
sist of WM fibers connecting the mediodorsal thalamic nuclei
and the frontal cortex, which are frequently affected by HIV
pathology.?® Moreover, these WM tracts are involved in mem-
ory encoding and executive functions that may be impaired in
HIV patients.*”%

ROIs were selected from the JHU WM tractography atlas.®
From these ROIs, WM masks were generated and projected
onto each subject’s space using the warping field derived from
registering FA values in TBSS process (see above). Special at-
tention was paid to areas close to cerebrospinal fluid (CSF)
to avoid contamination of the ROI with freely diffusing CSF
and to reduce the risk of partial volume effects. For every sub-
ject, mean values and standard deviations of FA, MD, AWF,
tortuosity, Daxon, Deaxial, and D, ragial Were calculated in each
ROI. Voxels corresponding to a T2-hyperintense lesion were
excluded from patients’ ROIs in both HIV and SPMS patients.

Statistical Analyses

All the statistical computations were performed using the Sta-
tistical Package for Social Sciences (SPSS) version 16.0 (SPSS
Inc., Chicago, IL, USA). All data were tested for normal distri-
bution using the Shapiro-Wilk test. Differences in the WMTI
measures between the HIV and MS patients were tested with
Mann-Whitney U test. Analyses of the relationship between
WMTI metrics in the CC and ATRs and neuropsychological



Fig 2. Region of interest analysis. Anterior thalamic radiation and corpus callosum masks, derived from the Johns Hopkins University white
matter tractography atlas, are shown, respectively, in blue (A) and red (A and B), overlaid on the Oxford Centre for Functional MRI of the brain
fractional anisotropy (FA) template. Mean FA skeleton mask obtained from tract-based spatial statistical analysis is shown in green. R = Right.

test scores in HIV patients were performed using Pearson’s bi-
variate correlations taking into account the effect of LV and
age. One HIV patient was identified as an outlier and removed
from the correlation analyses. Due to the exploratory nature of
the study, Pvalues were not adjusted for multiple comparisons
and a value <.05 was considered to be statistically significant.

Results

Five of the HIV patients in the study group had hepatitis C
virus (HCV) coinfection, while 6 were affected by HTN and 4
by diabetes. All were on stable antiretroviral therapy, and all
but 1 was virally suppressed, with plasma HIV loads under 200
copies/mL. Their median CD4 count was 660 cells/mm?® (in-
terquartile range [IQR] [399, 922]), with only 2 patients having
a current CD4 count under 200. In contrast, the patients had
generally low CD4 nadirs in earlier phases of their disease, with
the median nadir of 22 (IQR [2-225]). Eleven of the patients had
CD4 nadirs of 200 cells/mm? or less. Eight patients had a his-
tory of opioid addiction and 5 of them were on methadone
treatment.

The SPMS patients had a median Expanded Disability Status
Scale (EDSS) score of 6.0 (range: 3.0-8.5). None of them was
affected by HTN/diabetes/drug abuse.

Clinical data in HIV and SPMS patients are presented in
Table 1.

WM Lesion Volumes

Nine out of 15 HIV patients presented with WM T2 hyper-
intense lesions. All SPMS patients had WM T2 hyperintense
lesions. Mean LV was 9.29 + 9.21 mL in SPMS patients and
was 8.07 &+ 15.83 mL in HIV patients. When present, spatial
distribution of the lesions was similar between patient groups.
Total T2 LVs in both groups are presented in Table 3.

TBSS Analysis

TBSS analysis revealed widespread differences in terms of
WMTI metrics in the WM skeleton of HIV patients compared

Table 3. Total T2 Lesion Volume of the Patient Groups

Patient Group Total T2 LV in mL

HIV 121.01
SPMS 139.41

HIV = human immunodeficiency virus; SPMS = secondary progressive multiple
sclerosis; LV = lesion volume.

to that of SPMS patients. Although SPMS patients showed
slightly lower D,yon, AWF, and tortuosity and higher D, ;adial
values in several brain regions including the genu, body, and
splenium of CC, the superior long fasciculus bilaterally, the left
and right ATR, the inferior fronto-occipital fasciculus, and the
cingulum, these differences did not survive the threshold-free
cluster enhancement correction for multiple comparisons.

ROI Analysis

Corpus Callosum

No statistically significant difference was found between the two
groups of patients for any of the WMTI metrics in CC (P> .1,
for all).

Right ATR

D, .xia1 values were significantly lower in HIV patients as com-
pared to SPMS patients (P= .003). No difference was found for
the other WMTI metrics (P> .1 for all).

Left ATR

D, a1 values were significantly lower in HIV patients as com-
pared to SPMS patients (P = .003). No significant difference
was found in terms of other WMTI metrics (P > .1 for all).

AWTF and tortuosity values found positively correlated with
the FA values in CC and in the ATRs for both patient groups
(P < .0001 for all). Table 4 shows the MRI characteristics of the
study groups.

Buyukturkoglu et al: Diffusion Kurtosis Imaging in HIV and MS 5



Table 4. MRI Characteristics of the Study Groups Table 5. Pearson Correlation Coefficients between DKI Metrics and
Cognitive Tests in the Corpus Callosum and Anterior Thala-

HIV SPMS Effect Size mic Radiations

DTI and DKI metrics in CC
FA 64 + .05 62 + .06 4 TMT-A TMT-B BVMT DR
MD 86 + .18 88 + .10 2
AWF A5 + .04 A4 £ 06 2 cc
Tortuosity 3.07 + 35 2.80 + 44 5 AWF 38 22 08
Daxon 1.16 + .07 114 + .14 2 Tortuosity 55 57 43
Deaxial 2.79 + .09 281 + .11 2 Daxon 09 04 26
D radial 93 + .12 101 + .18 6 De axial —02 =05 20

: Deadial —.69* —51 —.14
DTI and DKI metrics in the right ATR .
FA 40 £ 03 40 £ .04 0 Right ATR (
MD 79 + .11 83 + .14 3 AWF 08 —04 —34
AWF 37 £ .03 38 £ .04 3 Tortuosity 37 36 13
Tortuosity 193 + .16 196 + .15 2 Daxon —12 -01 —17
Daxon 72 + .03 71 £ .08 3 Deaxial —15 27 50
Deaxial 1.99 + .25 2.11 £ 21 5 De radial —13 17 56
Deradial 1.07 £ .15 118 + .31 Vi Left ATR
DKI metrics in the left ATR AWF ) 19 29 28
FA 39 + 04 40 + 04 9 Tortuosity .32 .50 .34
MD 80 + .16 82 + .15 1 Dixon —13 09 15
AWF 38 £ .04 37 £ .04 2 Deaxial 4 03 24
Tortuosity 1.88 + 21 195 + .22 3 De radial —58 —20 26
Daxon 71 '94 . 70 & 98 2 Asterisks indicate the metrics where a significant correlation found between the
ge»a’dal - }?? i ;é f;; I ;j Z DXKI metrics and the neuropsychological tests (P < .05). DKI = diffusion kurtosis

‘e,radial . rate . . .

imaging; AWF = axonal water fraction; Dayon = intra-axonal diffusivity; De axial =
axial extra-axonal diffusivity; D radial = radial extra-axonal diffusivity; CC =
corpus callosum; ATR = anterior thalamic radiation; TMT-A = Trail Making

(P < .05). All values are expressed as mean =+ standard deviation. HIV = hu- Test-A; TMT-B = Trail Making Test-B; BVMT-DR = brief visuospatial memory
man immunodeficiency virus; SPMS = secondary progressive multiple sclero- test, delayed recall.

sis; DKI = diffusion kurtosis imaging; DTI = diffusion tensor imaging; FA =
fractional anisotropy; MD = mean diffusivity; AWF = axonal water fraction;
Dixon = intra-axonal diffusivity; De ayial = axial extra-axonal diffusivity; De radial =
radial extra-axonal diffusivity; CC = corpus callosum; ATR = anterior thalamic TMT-B tests (r= .55, P= .06 and r=.57, P=.054, respectively).

radiation.

Asterisks indicate metrics where significant differences found between two groups

In the left ATR, D, .dia values were negatively correlated with
TMT-A test (r= —.58, P= 0 .04). (Table 5, Fig 3).

Correlations between WMTI Parameters and Cognitive Tests in HIV

Patients Discussion
WM damage assessed by DTI and its clinical and cognitive im-
D, ;agiar values in the CC were negatively correlated with TMT- pact is well documented in patients with HIV.+19404! However,
A test scores (r= —.69, P=0.012), whereas they showed a trend in the absence of direct examination of brain tissue, it is difficult

toward statistical significance in association with the TMT-B test to ascertain the specific pathological abnormalities underlying
(r=—.51, P=.08). Moreover, tortuosity values showed a trend this WM injury. In this study, we sought to further investigate
toward statistical significance in association with TMT-A and the pathophysiology of WM damage in HIV using DKI-derived

1.30 1.30
1.20 1.20
1.10 1.10
—
8 1.00 E 1.00
= <
5 0.90 T 0.90
] -
3 g
2 0.0 S o080
0.70 0.70
0.60 0.60
0.50 0.50
25 30 35 40 45 50 55 60 65 70 25 35 45 55 65 75
TMT-A TMT-A

Fig 3. Correlations between diffusion kurtosis imaging metrics and the cognitive tests in HIV+ patients. Graphs showing the correlations
between white matter tract integrity metrics and standardized cognitive test scores. Specifically, corpus callosum radial extra-axonal diffusivity
and Trail Making Test-A scores (a) and left anterior thalamic radiation radial extra-axonal diffusivity and Trail Making Test-A scores (b). (P <
.05). CC = corpus callosum; ATR-L = left anterior thalamic radiation; TMT-A = trail making test-A; De radiai = radial extra-axonal diffusivity.

6 Journal of Neuroimaging Vol 00 No 0 December 2018



WMTTI metrics that have been shown to be more pathologically
specific than DTI-derived metrics in patients with MS.1*!7

Since HIV pathology shares common features of myelin
and axonal damage with that of multiple sclerosis, we selected
a group of chronic MS patients as comparators for our pilot
study. This is not to imply shared pathogenesis; while both are
neuroinflammatory disorders, only rarely are myelin-targeted
pathologies encountered in HIV. Furthermore, pathogenesis in
HIV has been profoundly impacted by cART and the increas-
ing medical complexity of individuals surviving with persis-
tent viral infection. This is reflected in our patient samples. In
contrast to the MS patients, whose only neuroimaging-relevant
disorder was their demyelinating CNS disease, the HIV pa-
tients had a variety of significant medical comorbidities known
to impact WM integrity, such as HCV, HTN, and DM.*>#
Opioid use might also be independently associated with neuro-
logic, neurocognitive, and neuropathologic complications.***3
Furthermore, the HIV patients were representative of the epi-
demic in New York City, where patients often present with im-
munologically advanced disease, and are reconstituted through
cART therapy. Thus, our HIV patient sample had high-current
CD4 T cell counts, but low CD4 T cell nadirs. Thus, given
the complexity of our HIV patients and the limited numbers
studied in this pilot, we cannot make any inferences regarding
the etiology of these changes, and whether they reflect prior
HIV-associated damage (as reflected in low CD4 T cell nadir),
current HIV-associated disease (with relatively robust CD4 T
cells), or HIV-associated medical comorbidity, inclusive of use
of potentially neurotoxic drugs in cART.!” We hope that fur-
ther study of larger HIV patient populations with this technique
will allow us to begin to dissect the complex cellular impacts of
HIV and comorbid illnesses that may result in WM alterations
on the basis of nonimmunologic conditions such as cerebral
small-vessel disease.

Despite the complexity of our HIV patients, it was never-
theless surprising to us when we did not find statistically signif-
icant differences in a variety of WMTI metrics between HIV
and SPMS patients, suggesting some similar qualitative and
quantitative aspects of WM microstructural damage in the two
diseases. In both disorders, the degree of chronic axonal loss
(AWF) appeared to be similar in all locations assessed. Thus,
for the two patient groups with similar length of neurologically
relevant disease, the damage to axons appeared commensu-
rate. In contrast, there were regional variations in the relative
degree of tortuosity, regionally again attaining the same level
of severity in the two groups. Given that HIV is not a pri-
marily demyelinating pathology, this may be an indication that
in chronic neuroinflammatory disease, secondary myelin ef-
fects may attain comparable severity to disorders with targeted
myelin destruction.

From a neuropathological standpoint, patients with progres-
sive MS are characterized by widespread chronic inflammation,
astrocytic gliosis, microglial activation, microglial nodules (glial
scars), demyelination, and axonal loss.*® Although the dynam-
ics behind the pathological processes is different, the formation
of microglial nodules and multinucleated giant cells in central
and deep WM of HIV patients has been associated with the
loss of specific neuron subpopulations, synaptic connections,
loss of axons, and myelin.*!*0 However, these observations are
pertinent to natural history HIV disease; our patients were all
cART-treated, and with one exception, had generally low to

undetectable plasma viral loads. This may be thought to con-
stitute a potential weakness of our study, as in this pilot, we
did not include a relevant HIV-positive, cART-negative popu-
lation. Current treatment recommendations are to start cART
therapy upon HIV diagnosis; thus, we did not attempt to find
a treatment-naive population for our pilot, as the stably treated
group would be more relevant to the larger numbers of people
currently living with HIV in our region.

Although preliminary, our study showed an association be-
tween measures of WM microstructural abnormalities in the
CC and left anterior thalamic tract of HIV patients and mea-
sures of executive functioning, visuospatial memory, and in-
formation processing speed. Since ATRs are associated with
memory encoding, executive functioning,*” and general cogni-
tive ability," slowed information processing efficiency, execu-
tive dysfunction, and deficient episodic memory encoding and
retrieval’’ would be expected following WM injury in these
regions. Our results confirmed this hypothesis by showing cor-
relations between D, ;.qia1 and tortuosity metrics and cognitive
test scores measuring executive functioning and information
processing speed in the left ATR. Associations between DKI
metrics and cognitive performance that tended to be lateralized
to the left hemisphere were previously reported in line with our
findings.>*

The main aim of our pilot study was to show the feasibility
of using DKI-derived WMTI method on HIV for the first time;
thus, we did not select a refined patient group based on more ad-
vanced selection criteria, but instead used a convenience sam-
ple. We compared the HIV patients with MS patients in regions
where WM injury and change of WMTI metrics is very well
documented. However, having an age, sex, years of education,
and substance abuse behavior matching HC group, an exter-
nal control would improve our understanding about HIV WM
alterations. In the future, to be able to reach broader conclu-
sions regarding the HIV’s direct effects on WM microstructure,
a study group with no coinfections, medical comorbidity, or
substance abuse could be selected. In addition, considering the
possible toxic effects of the cART on WMTI, an extra care
should be given to control the effect of the treatment on WM
microstructure and cognitive performance.

In summary, in this pilot study, we used DKI-derived met-
rics to characterize WM changes in complex HIV patients;
these metrics are thought to provide more pathologically spe-
cific measures of WMTI than classical DTI metrics. The over-
all WMTT pattern of HIV patients showed similarities in ax-
onal loss and myelin damage with chronic MS, despite their
different etiologies. Similar to prior studies of HIV with DTI,
DKI-derived metrics showed preliminary correlation with HIV-
associated cognitive abnormality. Detection of WM abnormal-
ity using new measures of microstructural alterations such as
AWTF and tortuosity may help to understand/characterize the
WM pathology and cognitive disorders in HIV more compre-
hensively, thus providing greater insight into HIV neuropatho-
genesis.
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