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Abstract Despite recent advances in treatment, hepatitis C
remains a significant public health problem. The hepatitis C
virus (HCV) is known to infiltrate the brain, yet findings from
studies on associated neurocognitive and neuropathological
changes are mixed. Furthermore, it remains unclear if HCV
eradication improves HCV-associated neurological compro-
mise. This study examined the longitudinal relationship be-
tween neurocognitive and neurophysiologic markers among
healthy HCV− controls and HCV+ adults following success-
ful HCV eradication. We hypothesized that neurocognitive
outcomes following treatment would be related to both im-
proved cognition and white matter integrity. Participants in-
cluded 57 HCV+ participants who successfully cleared the
virus at the end of treatment (sustained virologic responders
[SVRs]) and 22 HCV− controls. Participants underwent neu-
ropsychological testing and, for a nested subset of partici-
pants, neuroimaging (diffusion tensor imaging) at baseline
and 12 weeks following completion of HCV therapy.
Contrary to expectation, group-level longitudinal analyses

did not reveal significant improvement in neurocognitive per-
formance in the SVRs compared to the control group.
However, a subgroup of SVRs demonstrated a significant im-
provement in cognition relative to controls, which was related
to improved white matter integrity. Indeed, neuroimaging data
revealed beneficial effects associated with clearing the virus,
particularly in the posterior corona radiata and the superior
longitudinal fasciculus. Findings suggest that a subgroup of
HCV+ patients experienced improvements in cognitive func-
tioning following eradication of HCV, which appears related
to positive changes in white matter integrity. Future research
should examine whether any additional improvements in
neurocognition and white matter integrity among SVRs occur
with longer follow-up periods.
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Hepatitis C virus (HCV) is a neurotropic virus that is associ-
ated with neuropsychiatric disorders. However, it is unclear if
HCV eradication improves HCV-associated neurological
compromise.

HCV is known to have direct effects on the central nervous
system (CNS), as studies have detected HCV in brain tissue
(Forton et al. 2004) and in cerebrospinal fluid (e.g., Laskus
et al. 2002; Tully et al. 2016). Accordingly, investigators have
shown evidence of neurocognitive dysfunction associated
with HCV (e.g., Forton et al. 2006). Cognitive impairments
were previously thought to be associated with the develop-
ment of hepatic encephalopathy (e.g., Gaeta et al. 2013;
Shawcross and Jalan 2005). However, neurocognitive deficits
have been demonstrated in the absence of advanced liver dis-
ease or hyperammonemia (Forton et al. 2006; Hilsabeck et al.
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2003; Hinkin et al. 2008; Posada et al. 2009), as well as the
absence of HIV co-infection, depression, or substance abuse
(Cherner et al. 2005).

HCV within the CNS appears to be compartmentalized in
the frontal cortex, basal ganglia, and centrum semiovale
(Córdoba et al. 2003). Accordingly, deficits in attention, con-
centration, psychomotor speed, and verbal fluency among
HCV+ individuals have been most frequently reported
(Hilsabeck et al. 2003; Hinkin et al. 2008; Letendre et al.
2007; Clifford et al. 2009; Soogoor et al. 2006; Thein et al.
2007). However, other studies (e.g., Lowry et al. 2016;
McAndrews et al. 2005) have failed to detect neurocognitive
deficits associated with HCV infection (e.g., Lowry et al.
2016). These studies have generally paid close attention to
potentially confounding causes of impairment, such as injec-
tion drug use (Zeuzem 2008), history of head trauma (Kraus
et al. 2013), and HCV RNA levels (e.g., Forton et al. 2002;
Kraus et al. 2013; Lowry et al. 2016). As a result, there is not a
clear consensus regarding the impact of HCV-associated
neurocognitive and neurobehavioral effects. However, several
studies have shown that the neuropsychological manifesta-
tions of HCV are subtle (e.g., performance < 1.5 SD below
the normative standard across the majority of cognitive tests
included) after accounting for such potentially confounding
factors (e.g., Grover et al. 2012; Weissenborn et al. 2004).

While largely supplanted by newer drug regimens,
pegylated alfa interferon and ribavirin (PEG-IFN/RBV), first
used in the late 1980s, had proven to be an effective combi-
nation treatment for some individuals with HCV that resulted
in HCV clearance or a sustained virologic response (SVR;
Bladowska et al. 2013a). SVR has been shown by some stud-
ies (Bladowska et al. 2013b; Forton et al. 2002) though not all
(e.g., Huckans et al. 2015; Lowry et al. 2016; McAndrews
et al. 2005) to result in improvement in neurocognitive perfor-
mance. While the mechanism remains unclear, there is reason
to believe that successful treatment of HCV could result in
improved neurocognitive function, though it remains possible
that some of the improvements may be attributable to the
nature of open-label trials and/or practice effects associated
with repeat testing, for example.

Less is known about the pre- versus post-treatment neuro-
anatomic and associated neurocognitive changes that may oc-
cur among SVR patients, though studies have reported im-
proved metabolic function in the putamen and left occipital
lobe (Juengling et al. 2000) as well as the basal ganglia
(Byrnes et al. 2012). Byrnes et al. (2012) also reported im-
proved verbal learning, memory, and visuospatial skills in the
HCV-clearing group; however, they did not relate their neu-
roimaging findings to these cognitive changes. Clearly, further
research is needed to help determine the extent to which HCV
impacts neurocognitive performance and neuroanatomical
changes over the course of treatment and after successful
clearance of the virus.

This longitudinal study was designed to determine if suc-
cessful eradication of HCV resulted in improvements in cog-
nitive function and white matter integrity. We examined
changes in neuropsychological test performance and DTI pa-
rameters in HCV+ individuals who successfully responded to
treatment and achieved an SVR and HCV− controls. We hy-
pothesized that neurocognitive outcomes following treatment
would be related to improved cognition and improved white
matter integrity and that those SVR participants who demon-
strated the greatest degree of cognitive improvement would
also demonstrate greater improvement in white matter integ-
rity as indexed by DTI parameters.

Methods

Participants

All procedures were approved by the University of California,
Los Angeles and VA Greater Los Angeles Healthcare System
Institutional Review Boards. All HCV+ participants in this
study met clinical criteria for undergoing HCV treatment
(Hennes et al. 2008). None of the HCV+ participants had
begun treatment at the onset of the study and all began treat-
ment after the baseline evaluation. All participants provided
written informed consent prior to entering the study. Inclusion
criteria were: (a) 18 years of age or older, (b) proficient at
reading and writing in English, and (c) reading proficiency
at or above the 6th grade level. Exclusion criteria were: (a)
cirrhosis/liver failure assessed via blood tests or liver biopsy
with model for end-stage liver disease (MELD) score > 12; (b)
current or past psychotic spectrum disorder; (c) current mod-
erate or severe major depressive disorder; (d) history of learn-
ing disorder, neurologic disorder (e.g., seizure disorder,
stroke), head injury with loss of consciousness equal to or
greater than 30 min, or any neurologic disease; (e) concurrent
hepatitis A or B infection; (f) diagnosis of HIVas assessed via
seropositive HIVantibody testing; (g) recent illicit drug use as
assessed via urine toxicology; and (h) contraindication for
MRI. Treatment adherence to PEG-IFN/RBV was monitored
using MEMS caps. Treatment adherence to interferon was
monitored using weekly phone calls while the participant
was self-administering the injections. Non-adherence as well
as participant/physician-directed treatment discontinuation re-
sulted in exclusion from analyses.

After exclusion criteria were applied at the beginning of the
study and after accounting for attrition across the longitudinal
portion of the study, our final sample included 57 HCV+ par-
ticipants who successfully cleared the virus at the end of ther-
apy and 22 controls. All healthy controls were local, commu-
nity dwelling individuals. Within this sample, a nested sample
of participants completed DTI at baseline and at follow-up
(HCV+ N = 12, control N = 10). Participants underwent
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neuropsychological testing and, for a nested subset of partic-
ipants, neuroimaging, at baseline and 12 weeks after comple-
tion of HCV treatment (i.e., follow-up).

Measures

Neurocognitive function

Participants completed a comprehensive neuropsychological
test battery, which we used to assess neurocognitive function
both at the global and domain levels. We measured six cogni-
tive domains: (1) Attention—Wechsler Adult Intelligence
Scale—Third Edit ion (WAIS-III ) Letter–Number
Sequencing subtest (Wechsler 1997), Paced Auditory Serial
Addition Test (only the first 50 trials; Gronwall 1977), and the
MATRICS Continuous Performance Test (mean detectability;
Nuechterlein et al. 2008); (2) Processing speed—WAIS-III
Digit Symbol and Symbol Search subtests (Wechsler 1997),
Trail Making Test—Part A (Reitan 1958), and Stroop Color
Naming and Word Reading (Stroop 1935); (3) Learning and
memory—Hopkins Verbal Learning Test—Revised (Shapiro
et al. 1999) and Brief Visuospatial Memory Test—Revised
(Benedict 1997); (4) Language/verbal fluency—Controlled
Oral Word Association Test (FAS and Animals; Benton
et al. 1994); (5) Executive function—Trail Making Test—
Part B (Reitan 1958) and Stroop Color–Word Interference
Test (Stroop 1935); and (6) Motor speed—Grooved
Pegboard Test (dominant and non-dominant hands; Kløve
1963). We converted raw test scores into demographically-
adjusted T scores and then averaged them to create
neurocognitive domain T scores. We calculated the global
neurocognition score by averaging the T scores from all of
the neuropsychological test variables.

We chose a method for operationalizing Bclinically
significant^ improvement that was determined in the initial
grant application in order to limit subjectivity and based large-
ly on AIDS Clinical Trial Group, Neurological AIDS
Research Consortium (Price et al. 1999), and University of
California, San Diego HNRC clinical trials (e.g., Carey et al.
2004). For our study, clinically significant improvement was
defined a priori as a test–retest improvement in excess of the
mean plus 0.5 SD, relative to the control group’s change score.

Neuroimaging acquisition and processing

High-resolution T1-weighted structural and diffusion-
weighted MRI (i.e., DTI) were collected using a 3-T Trio
MRI scanner (Siemens Medical System, Erlangen,
Germany). T1-weighted images were acquired using a
magnetization-prepared rapid acquisition gradient-echo
(MPRAGE) sequence with the following parameters: repeti-
tion time (TR)/echo time (TE) = 2220/2.2 ms, inversion
time = 900 ms, average = 1, matrix size = 256 × 256, field

of view (FOV) = 240 × 240 mm2, slice thickness = 1 mm,
number of slices = 176. DTI was acquired via single-shot
echo-planar dual spin echo sequence and ramp sampling
(TR = 9600 ms, TE = 90 ms, flip angle = 90°, average = 1).
Using an image matrix of 130 × 130, 71 axial sections were
acquired with slice thickness = 2 mm with no interslice gap
and an FOV of 256 × 256 mm2. For each slice, diffusion
gradients were applied along 64 independent directions with
b = 1000 s/mm2 after the acquisition of b = 0 s/mm2 (b0)
images.

DTIStudio, ROIEditor, and Diffeomap (available at www.
MriStudio.org) were used for post-processing the DTI data.
Fractional anisotropy (FA) and mean diffusivity (MD) maps
were created using DTIStudio followed by skull stripping
using the b0 images and a skull-strip tool available in
RoiEditor software. Images were nonlinearly transformed to
JHU-MNI-SS space using dual contrast large deformation
diffeomorphic metric mapping. The brain was segmented into
130 white and gray matter regions using white matter
parcellation maps with an FA threshold of ≥0.25.We focused
our analyses on white matter regions including the external
capsule, anterior corona radiata, superior corona radiata, pos-
terior corona radiata, posterior thalamic radiation, anterior
limb of the internal capsule, posterior limb of the internal
capsule, superior longitudinal fasciculus, superior fronto-
occipital fasciculus, inferior fronto-occipital fasciculus, fornix
and stria terminalis, as well as the genu, body, and splenium of
the corpus callosum. At the current resolution, the fornix and
stria terminalis could not be segmented and so were included
as one continuous ROI. Left and right hemisphere FA andMD
values for each ROI were averaged to create bilateral FA and
MD variables for further investigation.

Statistical analysis

RepeatedMeasures ANOVAs (RMANOVAs) were employed
to evaluate whether the HCV+ participants who successfully
cleared the virus at the end of therapy —termed Sustained
Virologic Responders (SVRs)—and HCV− control groups
demonstrated differential improvement in cognition over time
with global and domain level mean T scores as the outcome
variable of interest. We applied the same ANOVA-based sta-
tistical analysis paradigms to the neuroimaging data.
RMANOVAs were run to determine whether the SVR group
demonstrated improvements in white matter integrity (FA and
MD in the above described regions) from baseline to study
completion (12 weeks after completion of treatment) relative
to controls. False Discover Rate (FDR) was used to correct for
multiple comparisons. We then conducted correlation analy-
ses to determine whether absolute change in domain level
(e.g., attention, working memory) and global cognitive perfor-
mance were associated with absolute change in white matter
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integrity (FA and MD), separately, in the SVR and control
group.

Finally, multivariate analyses of variance (MANOVA)
were conducted to determine whether the SVRs who demon-
strated a clinically significant degree of improved
neurocognition displayed differential change in white matter
integrity (absolute change in FA andMD) versus SVRs whose
cognitive function did not improve. These analyses were con-
fined to ROIs that were significant in previous analyses.
Increases in FA and decreases in MD over time were
interpreted as improvements.

Results

Sample characteristics

Table 1 provides descriptive statistics for key demographic
variables.

For our entire sample at baseline, there were no significant
differences across groups in terms of years of education or
ethnicity. However, there were significantly more women in
the control group (χ2 = 4.74, p = 0.029). There were no sig-
nificant differences in age, gender, education, or race/ethnicity
between the nested groups (HCV SVR and controls) that com-
pleted neuroimaging at baseline and follow-up (all ps > 0.05).
There were also no significant differences (all ps > 0.10) be-
tween the two SVR groups (those with and without

longitudinal change in cognition) in terms of age, gender,
education, race/ethnicity, baseline neurocognitive perfor-
mance, liver disease severity (MELD score), or current psy-
chiatric functioning (depression, anxiety).

Group differences in longitudinal white matter changes

We employed RMANOVA to determine whether longitudinal
change in FA differed between the SVR and control groups
(time ∗ group interaction). Results revealed significant inter-
action effects for posterior corona radiata FA, F(1, 22) = 5.82,
p = 0.03, partial η2 = 0.21, and superior longitudinal fasciculus
FA, F(1, 22) = 5.43, p = 0.03, partial η2 = 0.20, such that FA
increased at a greater rate in the SVR group relative to the
control group.

Regarding MD, there was a significant time ∗ group inter-
action effect found for fornix and stria terminalis, F(1,
22) = 9.60, p = 0.01, partial η2 = 0.32, superior fronto-
occipital fasciculus, F(1, 22) = 10.01, p = 0.01, partial
η2 = 0.32, splenium of the corpus callosum, F(1, 22) = 7.67,
p = 0.01, partial η2 = 0.27, and a trend towards an interaction
effect for the superior corona radiata,F(1, 22) = 4.06, p = 0.06,
partial η2 = 0.16, and body of the corpus callosum MD, F(1,
22) = 3.66, p = 0.07, partial η2 = 0.25. Specifically, the inter-
action effects revealed that SVRs demonstrated greater in-
creases in MD over time compared to the control group.
While none of the time ∗ group interaction effects for FA

Table 1 Descriptive statistics for demographic variables

Variable Controls (n = 22) SVRsb (n = 57)

M SD M SD

Age (years at baseline) 51.82 7.27 53.26 7.60

Education (years) 13.68 1.78 12.79 2.01

0.5

n % n %

Female gendera 9* 40.9 10 17.5

Ethnicity

Black/African American 7 31.8 11 19.3

Hispanic 6 27.3 8 14.0

Non-Hispanic White 9 40.9 36 63.2

Asian/Pacific Islander 0 0.0 0 0.0

American Indian/Alaskan Native 0 0.0 1 1.8

Other/multiethnic 0 0.0 1 1.8

MELD score N/A N/A 7.78 1.79

MELD model for end-stage liver disease
* p < 0.05 across groups
a All remaining participants self-reported their gender as male
b Sustained virologic responder (SVR)

Table 2 Means and standard deviations of the domain-level and global
neurocognitive test composite T score change from baseline to follow-up

Neurocognitive composite Controls (n = 22) SVRsc (n = 57)

M Std. error M Std. error

Attentiona

T score change 3.70 1.78 0.36 1.12

Processing speed

T score change 2.20 1.52 0.94 0.95

Language

T score change 0.68 3.13 1.22 3.87

Learning and memorya

T score change 4.98 2.06 2.08 1.29

Executive functiona

T score change 2.30 1.70 1.03 1.07

Motor

T score change 2.05 2.34 −0.22 1.47

Global neurocognitiona

T score change 2.93b 1.27 1.06 0.79

a Significantly better performance over time for all groups at the p < 0.05
level
b Significantly better performance over time than the other groups at the
p < 0.01 level.
c Sustained virologic responder (SVR)
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withstood False Discovery Correction (FDR), the significant
interaction effect on MD remained significant following FDR
for the fornix and stria terminalis (FDR corrected p val-
ue = 0.047), superior fronto-occipital fasciculus (FDR
corrected p value = 0.047), and splenium of the corpus
callosum (FDR corrected p value = 0.047).

Group differences in longitudinal neuropsychological
performance

Table 2 provides the means and standard deviations for the
domain-level and global neurocognitive test composite T
score changes from baseline to follow-up, stratified by group.

RMANOVA revealed a significant longitudinal time by group
interaction for global neurocognitive performance F(1,
77) = 5.99, p = 0.017, partial η2 = 0.072, and attention, F(1,
77) = 4.78, p = 0.032, partial η2 = 0.058, indicating that the
control group evidenced greater improvement over time in
global cognition, driven by improvements in attention, than
did the SVR group. The SVR group did not show any longi-
tudinal cognitive improvements that were statistically greater
than the control group. These significant interaction effects on
cognition remained a statistical trend following FDR (FDR
corrected p value = 0.096).

Table 3 provides the results of correlations between abso-
lute change (pre- to post-intervention) in cognitive domains

Table 3 Correlations of absolute change of cognitive performance and change of fractional anisotropy values in sustained virologic responders

Attention
change

Processing
speed
change

Learning and
memory
change

Language
change

Executive
change

Motor
change

Global
change

ALIC FA change Pearson
correlation

0.027 0.267 0.328 0.594* 0.152 0.050 0.368

Significance 0.928 0.357 0.253 0.032 0.603 0.865 0.216
PLIC FA change Pearson

correlation
0.197 0.131 0.353 0.600* 0.595* 0.044 0.583*

Significance 0.499 0.655 0.216 0.030 0.025 0.880 0.037
PTR FA change Pearson

correlation
0.090 0.079 0.122 0.466 0.224 −0.143 0.243

Significance 0.759 0.789 0.679 0.108 0.441 0.626 0.423
ACR FA change Pearson

correlation
0.122 0.425 0.139 0.347 0.093 0.180 0.178

Significance 0.679 0.130 0.637 0.245 0.752 0.538 0.561
SCR FA change Pearson

correlation
0.284 0.369 0.236 0.351 0.274 0.135 0.325

Significance 0.324 0.194 0.417 0.240 0.343 0.645 0.278
PCR FA change Pearson

correlation
0.316 0.256 0.205 0.372 0.174 0.028 0.315

Significance 0.271 0.377 0.481 0.210 0.553 0.923 0.294
FXSTFA change Pearson

correlation
−0.161 0.182 0.491 0.728** 0.210 0.249 0.504

Significance 0.582 0.533 0.075 0.005 0.471 0.390 0.079
SLF FA change Pearson

correlation
0.302 0.124 −0.009 0.272 0.298 −0.050 0.191

Significance 0.294 0.672 0.975 0.369 0.301 0.866 0.533
SFO FA change Pearson

correlation
0.276 0.521 0.690** 0.341 0.191 0.191 0.519

Significance 0.339 0.056 0.006 0.255 0.513 0.514 0.069
IFO FA change Pearson

correlation
−0.076 0.186 0.129 0.659* 0.049 0.010 0.259

Significance 0.796 0.524 0.660 0.014 0.869 0.972 0.393
GCC FA change Pearson

correlation
0.166 0.327 0.041 −0.270 −0.147 0.226 −0.135

Significance 0.571 0.254 0.890 0.373 0.615 0.437 0.661
BCC FA change Pearson

correlation
−0.084 0.214 0.622* 0.634* 0.399 0.200 0.543

Significance 0.776 0.463 0.018 0.020 0.158 0.493 0.055
SCC FA change Pearson

correlation
−0.148 0.208 0.459 0.327 0.564* 0.008 0.317

Significance 0.613 0.476 0.098 0.275 0.036 0.979 0.291
RLIC FA change Pearson

correlation
0.101 0.033 0.121 0.451 0.236 0.098 0.325

Significance 0.732 0.912 0.681 0.122 0.418 0.740 0.278

FA fractional anisotropy, ACR anterior corona radiata, ALIC anterior limb of the internal capsule, BCC body of the corpus callosum, FX ST fornix/stria
terminalis,GCC genu of the corpus callosum, IFO inferior frontal-occipital fasciculus, PCR posterior corona radiata, PLIC posterior limb of the internal
capsule, PTR posterior thalamic radiations, RLIC retrolenticular part of the internal capsule, SCC splenium of the corpus callosum, SCR superior corona
radiata, SFO superior frontal-occipital fasciculus, SLF superior longitudinal fasciculus

*Significant at the p<0.05 level; ** Significant at the p<0.01 level
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and change in FA values. Longitudinal increases in FA were
significantly correlated with longitudinal improvement in lan-
guage (anterior limb internal capsule, posterior limb internal
capsule, fornix, superior fronto-occipital fasciculus, inferior
fronto-occipital fasciculus, body of the corpus callosum), learn-
ing and memory (superior fronto-occipital fasciculus, body of
corpus callosum, trend fornix/splenium of corpus callosum),
executive function (posterior limb internal capsule), processing
speed (trend posterior thalamic radiation/superior fronto-
occipital fasciculus) and global neurocognitive functioning
(posterior limb internal capsule, body of corpus callosum, trend
superior fronto-occipital fasciculus/fornix).

Table 4 provides the results of correlations between abso-
lute change (pre- to post-intervention) in cognitive domains

and change inMDvalues. Longitudinal decreases inMDwere
significantly correlated with longitudinal improvement in lan-
guage (anterior corona radiata, superior corona radiata, fornix,
genu of corpus callosum, trend posterior limb internal capsule/
body of corpus callosum), learning and memory (posterior
thalamic radiation, body of corpus callosum, trend superior
corona radiata), executive function (posterior limb internal
capsule, body of corpus callosum, trend superior corona
radiata), processing speed (posterior thalamic radiation, trend
superior fronto-occipital fasciculus), motor (anterior corona
radiata, trend retrolenticular portion internal capsule) and
global cognitive functioning (posterior limb internal capsule,
superior corona radiata, fornix, retrolenticular portion internal
capsule, trend anterior corona radiata).

Table 4 Correlations of absolute change of cognitive performance and change of mean diffusivity values in sustained virologic responders

Attention
change

Processing speed
change

Learning and memory
change

Language
change

Executive
change

Motor
change

Global
change

ALIC MD
change

Pearson
correlation

−0.226 −0.271 −0.039 −0.296 −0.245 −0.267 −0.417

Significance 0.457 0.370 0.900 0.349 0.421 0.378 0.177
PLIC MD

change
Pearson

correlation
−0.218 0.054 −0.393 −0.512 −0.568* −0.445 −0.656*

Significance 0.473 0.861 0.184 0.089 0.043 0.128 0.021
PTR MD

change
Pearson

correlation
−0.059 0.679* −0.587* −0.261 −0.435 −0.434 −0.425

Significance 0.849 0.011 0.035 0.412 0.137 0.139 0.168
ACR MD

change
Pearson

correlation
−0.044 0.076 −0.430 −0.693* 0.015 −0.579* −0.534

Significance 0.885 0.805 0.142 0.012 0.960 0.038 0.074
SCR MD

change
Pearson

correlation
−0.348 −0.083 −0.537 −0.644* −0.528 −0.438 −0.820**

Significance 0.244 0.788 0.058 0.024 0.064 0.134 0.001
PCR MD

change
Pearson

correlation
−0.277 0.121 −0.198 0.031 −0.301 −0.409 −0.277

Significance 0.360 0.695 0.517 0.925 0.318 0.165 0.383
FX ST MD

change
Pearson

correlation
0.149 −0.140 −0.434 −0.701* −0.183 −0.460 −0.579*

Significance 0.627 0.647 0.138 0.011 0.549 0.114 0.049
SLF MD

change
Pearson

correlation
−0.354 −0.359 0.157 −0.200 0.205 −0.445 −0.246

Significance 0.235 0.228 0.609 0.532 0.502 0.128 0.442
SFO MD

change
Pearson

correlation
0.155 −0.486 −0.336 −0.002 0.310 −0.150 0.079

Significance 0.613 0.092 0.262 0.994 0.302 0.625 0.808
IFO MD

change
Pearson

correlation
0.292 −0.297 0.452 0.032 0.265 −0.140 0.252

Significance 0.333 0.325 0.121 0.921 0.382 0.649 0.429
GCC MD

change
Pearson

correlation
−0.025 −0.318 −0.190 −0.678* −0.406 −0.060 −0.472

Significance 0.935 0.290 0.534 0.015 0.169 0.845 0.121
BCC MD

change
Pearson

correlation
0.271 −0.049 −0.553 −0.525 −0.543 −0.197 −0.465

Significance 0.371 0.874 0.050 0.080 0.055 0.520 0.128
SCC MD

change
Pearson

correlation
0.357 −0.266 −0.091 −0.065 −0.109 0.166 −0.026

Significance 0.231 0.379 0.768 0.842 0.723 0.588 0.936
RLIC MD

change
Pearson

correlation
−0.487 0.185 −0.389 −0.375 −0.607* −0.494 −0.702*

Significance 0.092 0.546 0.189 0.230 0.028 0.086 0.011

MD mean diffusivity, ACR anterior corona radiata, ALIC anterior limb of the internal capsule, BCC body of the corpus callosum, FX ST fornix/stria
terminalis,GCC genu of the corpus callosum, IFO inferior frontal-occipital fasciculus, PCR posterior corona radiata, PLIC posterior limb of the internal
capsule, PTR posterior thalamic radiations, RLIC retrolenticular part of the internal capsule, SCC splenium of the corpus callosum, SCR superior corona
radiata, SFO superior frontal-occipital fasciculus, SLF superior longitudinal fasciculus

*Significant at the p<0.05 level; **Significant at the p<0.01 level
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Longitudinal relationship between change in cognition
and white matter integrity in SVRs

RMANOVAs compared changes in DTI parameters between
HCV SVRs who experienced improved global neuropsycho-
logical performance (again, defined by cognitive improve-
ment in excess of the control group’s mean change plus 0.5
SD), versus those SVR participants who did not demonstrate
that degree of improvement. Results revealed significant
group x time interaction effects for FA changes in several
regions including the posterior limb of the internal capsule,
F(1, 12) = 5.05, p = 0.050, partial η2 = 0.39, fornix, F(1,
12) = 5.22, p = 0.049, partial η2 = 0.40, and body of the corpus
callosum, F(1, 12) = 6.98, p = 0.030, partial η2 = 0.47.
Specifically, SVRs whose neuropsychological performance
improved demonstrated positive absolute FA change scores,
whereas those who did not improve cognitively demonstrated
negative FA absolute change, indicating that improvements in
neurocognition were associated with increases in white matter
integrity. There was also a trend towards a significant interac-
tion effect in the splenium of the corpus callosum FA, F(1,
12) = 4.44, p = 0.068, partial η2 = 0.36, such that cognitively
improved SVRs displayed increased FA compared to those
who did not improve cognitively (Table 5).

With regard to MD changes, there was a significant
group × time interaction effect in the posterior limb of the
internal capsule, F(1, 12) = 7.43, p = 0.026, partial
η2 = 0.48, such that the cognitively improved group evidenced
decreasing MD (i.e., more intact white matter over time)
whereas the cognitively stable group evidenced increasing
MD over time. Further, there were significant interaction ef-
fects in MD of the posterior thalamic radiation, F(1,
12) = 7.84, p = 0.023, partial η2 = 0.50, fornix, F(1,
12) = 6.06, p = 0.039, partial η2 = 0.43, and body of the corpus
callosum, F(1, 12) = 6.01, p = 0.008, partial η2 = 0.61, such
that MD increased in the cognitively stable group (i.e., de-
crease in white matter integrity) but remained stable in the
cognitively improved groups (Table 6).

Discussion

The current study examined the longitudinal effects of PEG-
IFN/RBV treatment and clearance of HCV infection on neu-
ropsychological performance and microstructural brain abnor-
malities. Contrary to expectation, our group-level longitudinal
analyses did not reveal significant improvement in
neurocognitive performance in the SVR group compared to
the control group. However, there was a subgroup of SVR
participants who did demonstrate a significant improvement
in cognition relative to controls. Importantly, analysis of DTI
data did reveal beneficial effects associated with clearing the
virus particularly in the posterior corona radiata and the supe-
rior longitudinal fasciculus.

Indeed, DTI metrics of white matter integrity were more
sensitive markers of improvement related to clearing HCV
than was neuropsychological testing. Although the SVR
group did not demonstrate cognitive improvement beyond
that of the control group, improvement in global and
domain-level cognitive performance was related to improved
white matter integrity (i.e., increased FA, reduced MD).
Further, within the SVR participants who demonstrated clini-
cally significant improvement in overall neuropsychological
performance, we found that they evidenced even better DTI
metrics/white matter integrity in multiple regions. These im-
provements in brain integrity within a subset of the SVRs may
well be attributable to HCV clearance and may suggest that
these individuals will continue to improve over time. Given
that there is likely to be inter-individual differences in the
timetable for recovery from HCV effects, as well as the ad-
verse effects of interferon, it is possible that more participants
will demonstrate improved brain integrity and associated im-
provements in neurocognition as time ensues. An additional
follow-up evaluation within this cohort would provide the
data necessary to address these clinically valuable questions.

Further, DTI analysis found that the SVR group displayed
longitudinal increases in FA in the posterior corona radiata and
superior longitudinal fasciculus compared to the control

Table 5 Results of RMANOVAs
for change in fractional
anisotropy in cognitively stable
and improved hepatitis C
participants with a sustained
virologic response

Region Group FA change F p Partial η2

Posterior limb internal capsule Cog. improved 0.027 (0.026) 5.05 .05 0.39
Not improved −0.001 (0.011)

Body of Corpus callosum Cog. improved 0.015 (0.030) 6.98 .030 0.47
Not improved −0.026 (0.017)

Fornix and stria terminalis Cog. improved 0.006 (0.017) 5.22 .049 0.40
Not improved −0.030 (0.031)

Splenium of corpus callosum Cog. improved 0.007 (0.018) 4.44 .068 0.36
Not improved −0.013 (0.007)

FA fractional anisotropy

Cog. improved global neuropsychological composite T score change ≥ mean + 0.5 SD

Not improved global neuropsychological composite T score change < mean + 0.5 SD
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group, indicating that clearance of the virus was associated
with improved white matter integrity in these regions.
However, the SVR group also demonstrated longitudinally
increased MD in the fornix and stria terminalis, splenium of
the corpus callosum, and superior fronto-occipital fasciculus.
Increased MD is generally indicative of reduced white matter
integrity and can be used to differentiate lesion types. For
example, in herpes simplex encephalitis, increased MD that
remained elevated over time has been associated with severe,
possibly irreversible damage (e.g., gliosis), whereas increased
MD which normalized over time following successful eradi-
cation of the herpes simplex virus was associated with edema
and demyelination (Sämann et al. 2003). Within our sample,
increased MD at baseline was found in the superior fronto-
occipital fasciculus, which remained elevated over time, and
in the external capsule, which normalized over time.
Therefore, our MD results demonstrate regionally specific se-
verity of inflammatory tissue damage which may be the result
of HCVand/or the effects of interferon. Although FA revealed
regions of improved neurointegrity, MD results indicated that
white matter damage remained even after successful eradica-
tion of the virus. It is possible that the subgroup that improved
had less inflammation prior to beginning treatment or reduced
the level of inflammation to a greater degree post-treatment
than did the group that did not display cognitive improvement.
Importantly, both groups received the same number of treat-
ments across the same number of weeks, though exact treat-
ment dose varied by individual.

Virologic factors which could result in increased MD in-
clude glial activation and inflammation (Cloak et al. 2004),
CNS cytokine responses (Raison et al. 2010), and HCV-
associated apoptosis (Shibata et al. 1994). This finding may
also account for the absence of a strong relationship between
HCV clearance and improved neuropsychological perfor-
mance. It is also possible that testing patients 12 weeks after
cessation of interferon was not far enough out in time from
treatment to detect improvement in neurocognition and/or
neuroanatomy related to clearing HCV. In one study in which
follow-up was conducted 48 weeks after treatment cessation,

significant improvement in areas of attention and working
memory was found in those HCV patients who successfully
cleared the virus, suggesting that this longer timeframe was
sufficient to allow reversal of the causative neurotoxic factors
(Bladowska et al. 2013a). It is therefore possible that over time
additional benefit of HCV clearance would become yet more
pronounced.

There are limitations to the current study. First, while the
aim of this study was to investigate the neurocognitive and
neuroanatomic sequelae of successful HCV eradication, the
HCV treatment (PEG-IFN/RBV) used in this study has largely
been replaced by newer medications, in part due to the neuro-
toxic effects of PEG-IFN/RBV. Therefore, as previously
discussed, it is possible that our results were somewhat influ-
enced by deleterious side effects of PEG-IFN. While, for this
very reason, the follow-up assessment was not conducted until
12 weeks after discontinuation of interferon, it is possible that
those adverse side effects may persist beyond 12 weeks.
Nevertheless, it is important to note that results demonstrated
improved white matter integrity and associated improvements
in cognitive performance attributable to SVR, even in the
context of potential treatment-related toxicity. Future studies
may further our understanding of the neurocognitive and neu-
roanatomic effects of SVR following newer interferon-sparing
HCV treatment regimens. Next, while we attempted to control
for numerous demographic variables, there remain many psy-
chosocial differences between our patient groups which can
account for some portion of the variance in neuropsycholog-
ical performance and brain microstructure reported herein.
One such factor is historical drug use, which we were unable
to control for between groups as data on drug use history was
not collected for the control group. While urinalysis toxicolo-
gy was used to exclude potential participants with current
illicit substance use, past cocaine or opiate use was reported
in 52% of patients with HCV diagnosis. Although post-hoc
analyses did not find significant differences in baseline neu-
ropsychological performance or neuroimaging data between
HCV patients with and without self-reported past history of
substance abuse, residual effects of previous drug use on

Table 6 Results of RMANOVAs
for change in mean diffusivity in
cognitively stable and improved
hepatitis C participants with a
sustained virologic response

Region Group MD change F p Partial η2

Posterior limb internal capsule Cog. improved −5.7E−5 (9.9E−5) 7.43 .026 0.48
Not improved 1.4E−4 (1.3E−4)

Posterior thalamic radiation Cog. improved 2.6E−5 (7.0E−5) 7.84 .023 0.50
Not improved 1.4E−4 (2.4E−5)

Fornix and stria terminalis Cog. improved 4.5E−5 (9.5E−5) 6.06 .039 0.43
Not improved 2.9E−4 (2.1E−4)

Body of corpus callosum Cog. improved 4.0E−6 (2.0E−4) 6.01 .008 0.61
Not improved 3.8E−4 (2.7E−4)

MD mean diffusivity

Cog. improved global neuropsychological composite T score change ≥ mean + 0.5 SD

Not improved global neuropsychological composite T score change < mean + 0.5 SD
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neurologic functioning cannot be ruled out. Finally, our sam-
ple size was limited by attrition, which was a notable
methodologic concern given that patients may choose to dis-
continue treatment for a variety of reasons, including unpleas-
antness of taking the medication and severity of side effects.

Conclusions

Overall, this study provides initial evidence that a subgroup of
HCV+ patients experience improvements in cognitive func-
tioning associated with a SVR. Furthermore, improvements in
cognitive functioning in this group appear related to positive
changes in white matter integrity.
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