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Abstract

Huntington’s disease (HD) is a neurodegenerative disease caused by a CAG triplet repeat expansion in the Huntingtin
gene. Metabolic and microvascular abnormalities in the brain may contribute to early physiological changes that subserve
the functional impairments in HD. This study is intended to investigate potential abnormality in dynamic changes in
cerebral blood volume (CBV) and cerebral blood flow (CBF), and cerebral metabolic rate of oxygen (CMRO,) in the
brain in response to functional stimulation in premanifest and early manifest HD patients. A recently developed
3-D-TRiple-acquisition-after-Inversion-Preparation magnetic resonance imaging (MRI) approach was used to measure
dynamic responses in CBV, CBF, and CMRO, during visual stimulation in one single MRI scan. Experiments were
conducted in 23 HD patients and 16 healthy controls. Decreased occipital cortex CMRO, responses were observed
in premanifest and early manifest HD patients compared to controls (P < 0.001), correlating with the CAG-Age Product
scores in these patients (R*=0.4, P=0.001). The results suggest the potential value of this reduced CMRO, response
during visual stimulation as a biomarker for HD and may illuminate the role of metabolic alterations in the pathophys-
iology of HD.

Keywords
Neurovascular, neurodegeneration, imaging, ultra-high field, biomarker

Received 28 March 2020; Revised 30 June 2020; Accepted |5 July 2020

IDepar‘tment of Electrical and Computer Engineering, Johns Hopkins
University, Baltimore, MD, USA

2EM. Kirby Research Center for Functional Brain Imaging, Kennedy
Krieger Institute, Baltimore, MD, USA

3Neurosection, Division of MRI Research, Department of Radiology,
Johns Hopkins University School of Medicine, Baltimore, MD, USA

Introduction

Huntington’s disease (HD) is a neurodegenerative dis-
ease caused by a CAG repeat expansion in the
Huntingtin gene.' The progression of HD can be sepa-

rated into premanifest and manifest periods. The
approximate years-to-onset (YTO) of diagnosable
motor signs can be predicted from the length of CAG
repeats and the subject’s current age,” and a variable of
the form (CAG repeat length —33.66) x current age,
termed the CAG-Age Product or “CAP score,” has
proved to be a useful means to track the extent of
exposure of the individual to the effects of the genetic
mutation over time.’

Progressive atrophy of striatum is an imaging hall-
mark for HD.>® Furthermore, ample evidence indi-
cates the existence of brain abnormalities in HD not
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reflected in brain structural changes. Impaired cerebral
glucose metabolism was found in early HD using pos-
itron emission tomography (PET).”'* A recent PET
study showed that metabolic changes in the brain
occurred earlier and progressed faster than structural
brain changes in premanifest HD subjects.'® Metabolic
changes in the HD brain were also shown using mag-
netic resonance spectroscopy (MRS).'®%* Oxidative
stress and metabolic disturbances in the brain are
hypothesized to contribute to HD pathogenesis.>* %’
Moreover, as the supply of oxygen and other energy
substrates in brain tissue is controlled by blood vessels,
microvascular abnormalities often accompany meta-
bolic disturbance in the brain. In HD, perturbations
in cerebral perfusion (cerebral blood flow or CBF,
and cerebral blood volume or CBV)*™*** and in
brain microvasculature®*** have been found in
human and animal studies. In a previous study from
our group,® significantly increased CBV of small pial
arteries and arterioles (CBVa) that correlated with the
YTO was observed in the brain of premanifest HD
patients at the baseline state when the subjects are at
rest. In addition to baseline microvascular changes,
dynamic changes in microvascular and metabolic
parameters during functional stimulation may be rele-
vant for understanding early physiological changes in
HD. Blood-oxygenation-level-dependent (BOLD)
functional magnetic resonance imaging (fMRI) has
been widely used to assess brain function in humans
by measuring dynamic MR signal changes during func-
tional stimulation. However, the gross signal change in
BOLD fMRI may reflect changes in several physiolog-
ical parameters, including CBV, CBF, and cerebral
metabolic rate of oxygen (CMRO,). A number of
approaches have been developed to measure CBV
and/or CBF responses along with the BOLD signal

change,** making it possible to calculate CMRO,
dynamics using quantitative BOLD theories.***
Conventionally, BOLD, CBV, and CBF signal changes
are measured using consecutive MRI scans.** In such
approaches, the scan time is relatively long, and more
importantly, there may be changes in physiological
parameters between scans, causing inaccurate calcula-
tions of CMRO,.

We recently developed a 3D-TRiple-acquisition-
after-Inversion-Preparation (3D-TRIP) MRI
approach® " that can measure BOLD, CBF, and
CBYV signal changes in a single MRI scan with whole
brain coverage, making the estimation of CMRO,
changes possible. In this study, we examined potential
abnormalities in dynamic responses in microvascular
and metabolic parameters during functional stimula-
tion in premanifest and early manifest HD patients.
The 3D-TRIP MRI method was employed to measure
signal responses in BOLD, CBV, and CBF during a
visual stimulation, from which the CMRO, response
was estimated. We studied responses in premanifest
and early manifest HD patients and compared them
to matched controls, with correlations to clinical
measures.

Methods

A total of 39 participants including 23 premanifest and
early manifest HD patients and 16 healthy controls
matched in age and sex were recruited for this study
through the Baltimore Huntington’s Disease Center at
the Johns Hopkins School of Medicine (Table 1). The
conduct of the study was governed by the ethical guide-
lines issued by the institutional committee on human
experimentation (Johns Hopkins Institutional Review
Board), as well as the Helsinki Declaration of 1975

Table I. Demographic data and clinical assessment scores of the study populations.

HD subjects
Premanifest

(far from onset,

Premanifest
(close to onset,

Control subjects YTO > 8 years) YTO < 8 years) Early manifest HD P value®

Number of subjects (n) 16 7 8 8 N/A
Female:Male 10:6 3:4 6:2 4:4 0.4

Age (year) 44+ |5° 45+ 10 43+11 4111 0.5
CAG repeat length N/A 43£2 44+2 45+4 0.1
CAP® score N/A 3154+ 102 378146 506 + 120 <0.001
Estimated YTO! N/A I5+13 7+£5 N/A <0.001
UHDRS motor® I+3 I +2 8+2 3115 <0.001

HD: Huntington’s disease.

2P values from one-way ANOVA or from y? test for categorical variables.
®Mean = standard deviation.

“CAG-Age Product (CAP) score.*?

9Estimated years-to-onset (YTO).%*

®Unified Huntington’s disease Rating Scale (UHDRS).*?
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(and as revised in 1983).%" All participants gave written
informed consent before participating in this Johns
Hopkins Institutional Review Board-approved study
(approval number: NA_00038524). No subject had his-
tory or signs on exam suggestive of other neurologic
disease. The CAP score™ and YTO of motor symp-
toms® were estimated for all HD patients. The CAP
score is an estimate of cumulative exposure to the
effects of the CAG repeat expansion in mutant
Huntingtin.®> All participants were examined using
the Unified Huntington’s disease Rating Scale.>® The
necessary sample size to ensure a power of 0.8 and
significance at «=0.05 was estimated based on the
effect size of baseline CBVa change in premanifest
HD patients from our previous study.*’ There is no
overlap between the cohort in this study and the one
in the previous study.

The 3D-TRIP MRI approach combines the
vascular-space-occupancy (VASO),>*> arterial-spin-
labeling (ASL),’*>” and T2-prepared (T2prep)
BOLD?® pulse sequences to measure CBV, CBF, and
BOLD responses during functional stimulation in the
brain in one single scan.*® > It adopts a framework of
interleaving slab-selective and nonselective inversion
prepared scans, similar to some ASL sequences.’®>’
After the inversion preparation, CBV-weighted VASO
images are acquired at the first TI when the blood
signal is nulled. CBF-weighted ASL images are
obtained at the second TI which is typically much
longer to allow the inverted (labeled) arterial spins to
perfuse the capillary bed and exchange into the tissue.
After that, a T,-preparation module and a third imag-
ing readout are deployed to acquire BOLD images.
Thus, CBV, CBF, and BOLD signal changes can be
measured using the same scan. The sensitivity and
quantitative results from 3-D-TRIP MRI are compa-
rable to those from each corresponding technique sep-
arately.*s >0

MRI scans were performed on a Philips 7T human
scanner (Philips Healthcare, Best, the Netherlands).
Dielectric pads were used to improve field homogenei-
ty.> High-resolution anatomical images were acquired
with a 3D magnetization prepared 2 rapid acquisition
gradient echoes (MP2RAGE) sequence® (0.75 mm iso-
tropic). The inflow-based vascular-space-occupancy
(iVASO) MRI scan® % was performed to measure
baseline CBVa. Compared to our previous study,*’
iVASO MRI has been extended from single-slice** to
3D whole brain coverage®® with the following
parameters: voxel =3.5x 3.5 x5 mm?®, 20 slices. 3D-
TRIP MRI* (TR/TII/TI2/TI3/FA =4.0s/0.6s/1.5s/
2.4s/7°, 3.5mm isotropic) was performed in each par-
ticipant during a blue-yellow flashing checker-board
paradigm (flashing frequency = 8Hz, 4 blocks of alter-
nating 24-s flashing and 40-s rest periods). To ensure

that the subjects were awake during the flashing
checker-board presentation, they were asked to press
a button at the start and end of each flashing period.
To minimize motion-related image artifacts in this pop-
ulation, foam pads and straps were used to restrict
head movement during MRI scans.

Image analysis was performed with the statistical
parametric mapping (SPM) software package
(Version 12,  Wellcome  Trust Centre for
Neuroimaging, London, UK; http://www.fil.ion.ucl.
ac.uk/spm/) and other in-house code programmed in
MATLAB (MathWorks, Natick, MA, USA).
Previously  developed  analysis  pipelines  for
iVASO®***% and 3D-TRIP* MRI were used. 3-D-
TRIP MRI images were realigned using the routine
in SPM to correct for head movement between scans,
and the resulting motion parameters were reported and
included as covariates in statistical analysis.
Anatomical images were coregistered with iVASO
and 3D-TRIP images using the mutual information
algorithm in SPM. Regional brain volumes were esti-
mated using the segmentation routine in SPM from the
MP2RAGE images. Baseline CBVa maps were calcu-
lated using the iVASO theory.®® For 3D-TRIP, both
activation-based and region-of-interest (ROI)-based
analysis were carried out. In activation-based analysis,
a general linear model was employed to detect func-
tional activation (adjusted P value<0.05, cluster
size >4) during the visual stimulation. Only voxels
that met activation detection criteria in all three modal-
ities (BOLD, CBV, and CBF) in the visual cortex were
used to calculate signal changes in subsequent analysis.
The activation detection threshold was identical in all
three modalities, and signal-to-noise ratio (SNR)
thresholds (SNR > 20) established in previous studies
were used to exclude voxels with low SNR.**¢® In the
ROI-based analysis, signals over the entire visual
cortex in each subject were averaged. In both analysis
methods, the relative signal change (AS/S) in each voxel
was calculated as the difference between average signals
during the rest and activation periods divided by the
average rest signal. Partial volume correction for 3D-
TRIP data was performed as previously described.** >

Relative change in CBV during visual stimulation
was calculated using the following equation according
to the VASO theory>*¢’

ACBV Coar — CBV"™ - Cppon [ _ASyaso
CB Vhase CB Vbase . Cbl()od S?/c;\s;o

(D

in which C,,,=0.89 and Cpppq= 0.87°*%7 are the water

contents in milliliters water/milliliter substance for
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parenchyma and blood, respectively. A baseline gray
matter CBV for human brain (CBV**¢) of 0.055ml
blood/ml parenchyma was assumed.®®

Relative change in CBF was quantified from the
flow-sensitive alternating inversion recovery (FAIR)
signal change, which is directly proportional to CBF

change:>%%’

ACBF _ ASpup

ase - a. (2)
CBFbae — ghase

Relative  CMRO, change was estimated from
the BOLD, CBF, and CBV changes. First, venous
blood oxygenation (Y,) was calculated from BOLD
and CBV data using the quantitative BOLD model
as described in previous studies,*’**"® from which
the oxygen extraction fraction (OEF) can be
calculated as’®

1—Y,=1—Y,+OEF-Y, 3)

As arterial blood is nearly fully oxygenated, the
arterial oxygenation (Y,) was taken to be 0.98.%
The relative CMRO, change can then be derived
from OEF and CBF changes using the following

equation
( i AOEF> ( | ACBF) |
*oer ) \' " car _(+

Group comparisons were performed with two-tailed
t-tests. Correlations between dynamic responses in
BOLD, CBV, CBF, and CMRO,, and the CAP score
were calculated using multiple regression. Age, sex,
regional brain atrophy derived from MP2RAGE
scans, and head motion parameters from preprocessing
were all accounted for as covariates. Multiple compar-
isons were corrected for the four measures (BOLD,
CBV, CBF, and CMRO,) with the family-wise error
rate (adjusted P <0.095).

Finally, to assess test-retest reproducibility of the
3D-TRIP MRI technique, the MRI scans were repeat-
ed on all control subjects (n=16) on the same scanner
three to sixweeks after the initial scans. Only ROI-
based analysis was performed. Reproducibility was
assessed with the coefficient of variation of the mea-
sured parameters between scans, and the intraclass
coefficient (ICC), which reflects the degree of absolute
agreement among measurements (i.e., criterion-
referenced reliability).”! The procedure used here is
identical to that in our previous reproducibility study
conducted on 3 T scanners.’?

ACMRO,
—_— 4
CMRO, ) @

Results

Table 1 summarizes the demographic data for the study
populations. No significant difference in age and sex
was observed among groups (P> 0.1). The three HD
patient sub-groups showed significant overall differ-
ence (from one-way analysis of variance (ANOVA))
in the CAP score (P<0.001) and YTO (P <0.001),
and UDHRS motor score (P <0.001). Since all HD
patients were in premanifest or early manifest phase,
involuntary movements were minimal during MRI
scans. No major image artifacts due to subject move-
ment during the image acquisition were seen on all
images. Average motions during 3D-TRIP scans were
quantified in the SPM realignment routine (control:
0.33 £0.12mm translation, 0.05+0.05° rotation; HD:
0.32+0.16 mm translation, 0.05+0.06° rotation;
P>0.1). No significant atrophy was found in the
visual cortex in this cohort of premanifest and early
manifest HD patients. The gray matter volume in the
visual cortex was 3 + 11% smaller in HD patients com-
pared to controls (P =0.68). No significant correlation
was found between gray matter volumes in the visual
cortex and CAP scores in HD patients. Significant
increase in baseline CBVa in the visual cortex was
found in HD patients (1.04 £ 0.15ml/100 ml) compared
to controls (0.95+0.15ml/100 ml, relative difference
10%, P=0.01). Baseline CBVa in the visual cortex
showed significant correlation the CAP scores in HD
patients (R>=0.13, P=0.05).

Figure 1 displays a set of representative BOLD,
VASO, and ASL images acquired using 3D-TRIP
MRI in a control subject and an HD patient, and the
corresponding time courses averaged over common
voxels activated in all three modalities and the calcu-
lated CMRO, time course during the visual stimula-
tion. The group-averaged quantitative results from all
subjects from the activation and ROI-based analysis
are summarized in Table 2. Individual results from
each subject are included in the supplementary materi-
als. In the activation-based analysis, trends (not signif-
icant) of reduced responses in BOLD and CBF during
visual stimulation were observed in HD patients com-
pared to controls. Meanwhile, CBV response signifi-
cantly increased in HD patients, leading to the
calculation of a significantly reduced CM RO, response
in HD patients. All signal responses in the control
group were in the normal range.*’->%:¢

Significant correlations (Table 2, Figure 2) were
detected between CAP and responses in CBV (positive
correlation) and CMRO, (negative correlation), but
not between CAP and responses in BOLD and CBF
in HD patients. All HD patients showed lower CMRO,
response than the average value from the control
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Figure |. Measurement of BOLD, CBV (VASO), and CBF (ASL) responses during visual stimulation using 3D-TRIP MRl on 7 T:
typical results from a healthy control and an HD patient. (a, b) Typical 3D-TRIP images and activated regions (voxels highlighted with
red) in the visual cortex in a control and an HD patient, respectively. (c—f): Time courses of each parameter during the visual task. The
vertical dashed lines depict the start and end of the visual stimulation. The error bars indicate intrasubject standard deviations.
HD: Huntington’s disease; BOLD: blood-oxygenation-level-dependent; VASO: vascular space occupancy; ASL: arterial spin labeling;
CBV: cerebral blood volume; CBF: cerebral blood flow; CMRO,: cerebral metabolic rate of oxygen.

group, including the three patients  with
YTO >20years. Five (out of eight) early manifest
HD and two (out of eight) premanifest (close to
onset) HD patients showed almost completely absent

(<1%) CMRO; response during the visual stimulation.
A one-way ANOVA with the least significant difference
method for the comparison of pairs of groups (multiple
comparisons corrected)’* was attempted with our data.
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Table 2. Quantitative results from group comparisons and correlation analysis from all subjects.

BOLD CBV CBF CMRO,
Activation-based analysis
AS/S (%)* Controls 2.30+0.22° 25.7+28 57.7+43 16.2+2.5
HD patients 1.82+0.16 338426 514428 6.0+1.0
Pe 0.08 0.04* 0.22 0.001*
Correlation with CAP in HD patients R? 0.04 0.38 0.10 0.37
P 0.39 0.002* 0.14 0.002*
ROI-based analysis
ASIS (%)* Controls I.11+£0.70 11.7£7.6 30.6+10.3 10.1 £6.2
HD patients 0.91+0.50 179+£6.6 289498 3.1+44
P 0.11 0.02* 0.26 0.001*
Correlation with CAP in HD patients R? 0.03 0.35 0.05 0.35
P 0.49 0.01* 0.31 0.002*

BOLD: blood-oxygenation-level-dependent; CBV: cerebral blood volume; CBF: cerebral blood flow; CMRO,: cerebral metabolic rate of oxygen; HD:

Huntington’s disease; CAP: CAG-Age Product; ROI: region of interest.

*Relative changes (AS/S) = 100 x (values during activation — baseline)/baseline %.

®Mean -+ standard deviation.
°P values adjusted for multiple comparisons. *P<0.05.

Significant  differences in  CMRO, response
(overall, F=4.4, P<0.03) between controls and all
three HD sub-groups (P < 0.03), and between premani-
fest (far from onset) HD and early manifest HD
(P<0.01), were revealed. Significant differences in
CBYV response (overall, F=7.8, P<0.01) between con-
trols and early manifest HD (P <0.01), between pre-
manifest (far from onset) HD and early manifest HD
(P<0.01), and between premanifest (close to onset)
HD and early manifest HD (P < 0.02) were observed.
No other ANOVA comparisons showed significant
results.

In addition to activation-based analysis, an ROI-
based analysis was also performed (Table 2). Signal
responses during visual stimulation from the ROI-
based analysis were generally smaller than the corre-
sponding values from the activation-based analysis.
This can be expected because, in the ROI-based anal-
ysis, voxels that did not reach the activation detection
threshold are included, which may dilute the overall
signal changes during stimulation. The general pattern
and significant conclusions from the ROI-based analy-
sis were all comparable to those from the activation-
based analysis.

Table 3 shows the results for the reproducibility of
3D-TRIP MRI measured in the control subjects. The
individual measures (BOLD, CBV, and CBF) from 3D-
TRIP showed comparable reproducibility to corre-
sponding parameters assessed in our previous 3T
study using separate scans. The CMRO, measure
derived in 3D-TRIP showed comparable reproducibil-
ity as the CBF (ASL) measure. All ICCs are significant-
ly different from zero (P < 0.001).

Discussion

In this study, 3D-TRIP MRI was performed to inves-
tigate the potential microvascular and metabolic
abnormalities in response to functional stimulation in
the visual cortex in HD patients. BOLD fMRI has been
widely used to investigate functional and neurovascular
abnormalities in brain diseases, including HD.”*
During functional stimulation, the BOLD signal typi-
cally increases compared to baseline, which is the result
of responses in several physiological parameters,
including CBV, CBF, and CMRO,. Therefore, it is
important to measure changes in individual physiolog-
ical parameters in brain diseases. In our data, CMRO,
response showed significant abnormalities in HD
patients  compared to  controls  (P=0.001).
Significantly increased CBV response during visual
stimulation was found in HD patients compared to
controls (P=0.04), which correlated with the CAP
score. The BOLD response showed a decreasing trend
(P=0.08) in HD patients compared to controls, in con-
gruence with previous reports.’>” If the two HD
patients with BOLD responses that are more than
two standard deviations from the median are excluded
(subject 6011, 6021 in Table S1, potential outliers), the
BOLD response becomes significantly lower in HD
patients than controls (P=0.01). Response in CBF
during visual stimulation also showed a decreasing
trend in HD patients compared to controls, in agree-
ment with previous reports.>* >’

The responses of BOLD, CBV, CBF, and CMRO,
in the control group were all in the normal range,*’->%-¢
providing validation for our measurements in the
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Figure 2. Correlations analysis from the activation-based approach. Scatter plots showing correlations between responses in BOLD,
CBY, CBF, and CMRO, during visual stimulation and the CAP score. The horizontal dashed line and the shaded band around it
represent the mean and standard deviation values of the control group. *P < 0.05. R% adjusted R* from multiple regression. P values

adjusted for multiple comparisons.

BOLD: blood-oxygenation-level-dependent; CAP: CAG-Age Product; CBV: cerebral blood volume; CBF: cerebral blood flow;

CMRO5: cerebral metabolic rate of oxygen.

study. All parameters measured in 3D-TRIP showed
good reproducibility that is comparable to correspond-
ing 3T measures (Table 3).

Consistent with our previous report,* baseline
CBVa in the visual cortex increased significantly in
HD patients compared to controls and correlated sig-
nificantly with the CAP scores in HD patients. The
relative increase of CBVa in HD patients (~10%)
was smaller than that in our previous study (~30%
in the occipital lobe).*® A single-slice version of
iVASO MRI was used when we conducted the initial
study,* and CBVa in the occipital region in a single
slice was reported. In the current study, the later devel-
oped 3-D iVASO MRI was used, which allows whole
brain coverage with similar total scan time.**% Thus,
CBVa averaged over the entire primary visual cortex
was reported here. Besides, the cohort in the current

study does not overlap with the cohort in the previous
study.®

The most significant finding in our data is the
impaired CMRO, response during visual stimulation
in HD patients compared to controls and its strong
correlation with the CAP score. CMRO, responses
from all HD patients were lower than the average
value from the control group (Figure 2). In HD
patients, CBV and CBF still showed significant positive
responses (compared to baseline), but the CMRO,
response was much diminished during the same visual
stimulation. In several early manifest and premanifest
(close to onset) HD patients, CBV and CBF increased,
but no substantial CMRO, response was detected
during visual stimulation. Note that a button press
was recorded from each of these patients at the start
and end of each flashing period, confirming that the
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Table 3. Reproducibility of 3-D-TRIP MRI measured in control subjects (n=16) at 7T.

BOLD CBYV CBF CMRO,
AS/S (%)? Scan | I.114+0.70° 11.7+7.6 30.6+10.3 10.1+6.2
Scan 2 1.16 +0.80 124463 29.0£13.9 9.5+84
Cve© 6.7% 9.6% 15.5% 15.9%
Icc? 0.84 £ 0.050 0.93 £0.007 0.92+£0.010 0.91 £0.007
3T results from previous study® Ccv 6% 9% 14% N/A
ICC 0.82 +0.048 0.94 £0.005 0.92 £0.008 N/A

BOLD: blood-oxygenation-level-dependent; CBV: cerebral blood volume; CBF: cerebral blood flow; CMRO,: cerebral metabolic rate of oxygen; CV:

coefficient of variation; ICC: intraclass coefficient.

Relative changes (AS/S)= 100 x (values during activation — baseline)/baseline %, calculated from the same ROI-based analysis.

®Mean =+ standard deviation.

“Scan—rescan CV is reported relative to the mean of the per-subject scan—rescan reproducibility.

4All ICCs significantly different from zero (P < 0.001).

®Reference’”: these results are from our previous reproducibility study on 3 T using the same procedures. The CV and ICC of the parameters
measured with 3-D-TRIP MRI are compared to those from corresponding parameters measured with separate scans (BOLD, VASO, and ASL). The
3-D-TRIP approach has not been developed when the 3T study was conducted.

participants were awake during the flashing checker-
board presentation. The ANOVA analysis on the
data from the three sub-groups of HD patients
showed that abnormalities in CBV response were not
significant until the early manifest stage, while signifi-
cant abnormalities in CMRO, response began in the
premanifest stage (Figure 2). This seems to indicate
that CMRO, abnormality occurs earlier and presents
greater effect sizes than microvascular abnormalities
(CBV and CBF responses). One possible explanation
may be that although the microvasculature was able to
sustain energy delivery during neuronal activation via
blood flow regulation, the oxygen consumption in the
brain tissue was abnormal in these patients. In fact, the
CBV response in HD patients was significantly larger
than that in controls, indicating greater vasodilation in
response to the visual stimulation, implying a possible
compensatory mechanism to maintain blood flow and
tissue perfusion. Deficit in energy consumption in HD
is in line with the metabolic abnormalities in HD
reported in the literature. For instance, the decreased
CMRO,; response is congruent with a prior study from
Mochel et al.,'® which reported impaired (close to zero)
inorganic phosphate/phosphocreatine ratio and inor-
ganic phosphate/adenosine triphosphate ratio (reflect-
ing adenosine diphosphate concentrations) responses
during visual stimulation in early manifest HD patients
using 31 P MRS. A number of previous PET studies
have investigated the metabolic abnormalities in the
striatum in HD.'%!'*!32%"7> While metabolic alterations
are a consistent finding, the nature and origin of these
alterations are more controversial.>* 2’ It has long been
thought that mitochondrial abnormalities are central,
but more recent studies have also suggested the impor-
tance of glycolysis, fatty acid metabolism, or other
aspects of cellular metabolism.”> 7

However, a few confounding effects need to be con-
sidered when interpreting the data. First, the calcula-
tion of relative CMRO, change in 3D-TRIP can be
affected by baseline CBV values. In the 3D-TRIP equa-
tions described in the Methods section, a constant
baseline CBV is assumed, and CBVa is assumed to
occupy 30% of total CBV. In this study, baseline
CBVa was measured using iVASO MRI in all subjects,
but baseline total CBV was not measured in this cohort
(which typically requires intravenous administration of
exogenous MRI contract agents). CBVa in the visual
cortex showed an approximately 10% increase in HD
patients compared to controls. If a baseline CBVa
value that is 20% greater than the current value is
assumed for HD patients (not controls) with
unchanged baseline total CBV, the estimated CMRO,
change in HD patients will decrease from 6.0% to
5.7%, making the relative difference of CMRO,
change slightly larger between HD patients and con-
trols. However, if the same increase (20%) in baseline
total CBV is assumed, the estimated CM RO, change in
HD patients will increase from 6.0% to 12.0%. This
can be expected as venous CBV change has a larger
impact on the BOLD effect than CBVa. A 20%
increase of venous CBV in the visual cortex in these
HD patients compared to controls seems unlikely
though, as many studies have reported decreased
CBF in HD.”*** and relative changes in venous
CBYV are often much smaller than relative changes in
CBVa.®® However, one cannot rule out the possibility
that the observed striking difference in CMRO,
responses between HD patients and controls may be
partially accounted for by a baseline CBV change in
HD patients. Second, the CMRO, change was estimat-
ed from BOLD, CBV, and CBF measures in 3D-TRIP.
Thus, measurement noises in BOLD, CBV, and CBF
could, in principle, make the CMRO, change look
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more significant than the CBV change. In our data,
CBV abnormalities, although less significant, also
showed progression from the premanifest to the early
manifest stages similar to CMRO, abnormalities.
Therefore, the data from the current study cannot pro-
vide definitive evidence to determine whether microvas-
cular abnormality or metabolic impairment is the
primary driven effect in HD. Future studies combining
MRI and other imaging modalities (for instance, inva-
sive optical imaging) in animal models of HD may be
possible to elucidate such mechanisms.

In the current study, we chose to use visual stimula-
tion because it is a simple and robust paradigm to test
our methodology and because recent data and concepts
indicate that more widespread areas of the brain
beyond the motor circuit are affected early in HD
including occipital brain regions subserving visual
functions.®!

Our results suggest that the metabolic and microvas-
cular abnormalities in HD are present in the cortex in
the premanifest stage. Other brain regions, such as
other sensory and motor regions and the striatum,
could be probed with the same methodology using spe-
cifically designed functional stimulation. It would be of
great potential importance for designing therapeutic
interventions to understand better what regions of
the brain are functionally impaired early in the natural
history of the disease. Two major approaches to
Huntingtin-lowering therapeutic interventions currently
are being tested for HD. Antisense oligonucleotides are
being administered into the cerebrospinal fluid,** which
will superfuse the cortex well, and need to diffuse to the
striatum. By contrast, adeno-associated virus ribonu-
cleic acid interference reagents shown to be effective in
mice®® will be injected into deep brain structures espe-
cially the striatum in human subjects and will need to
be transported to the cortex. The fMRI method
described here may provide a means to determine met-
abolic and microvascular abnormalities in the brain
regions differentially targeted by these strategies.

Limitations of this study include the relatively small
sample size and the cross-sectional design. The sample
size was estimated based on the effect size of baseline
CBVa change reported in our previous study.** The
data from the current study will serve as the basis for
more accurate power and sample size calculations for
subsequent lager cross-sectional and longitudinal stud-
ies. Although the current study was performed on 7T,
the methodology was originally developed on 3T and
has been implemented on both platforms of clinical
MRI systems. The sensitivity may be lower on 3 T com-
pared to 7T, but it can be compensated by reducing to
partial brain coverage with a more focused target
region identified from the current whole brain study
(and thus less imaging acceleration is required which

will increase sensitivity). Therefore, we expect that the
findings at 7T from this study will also have utility on
more widely available 3T scanners for future studies.

In summary, our data indicate that CMRO,
response during visual stimulation in the brain is
abnormal in premanifest HD. We believe that these
preliminary results merit further investigation in a
larger cohort, with additional forms of sensory or
other functional activation, and with a longitudinal
design. Given the strong correlation with the CAP
score shown in our data, CMRO, measurement may
prove a useful biomarker to track disease progression
in premanifest as well as manifest HD, and we specu-

late that it may be responsive to therapeutic
interventions.
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