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Abstract

Objective—In addition to its role in hemorrhagic stroke, advanced cerebral amyloid angiopathy
(CAA) is also associated with ischemic lesions and vascular cognitive impairment. We used
functional MRI techniques to identify CAA-associated vascular dysfunction.

Methods—Functional MRI was performed on 25 nondemented subjects with probable CAA
(mean = standard deviation age 70.2+7.8) and 12 healthy elderly controls (age 75.3+6.2).
Parameters measured were reactivity to visual stimulation (quantified as blood oxygen level-
dependent [BOLD] response amplitude, time to peak response, and time to return to baseline after
stimulus cessation) and resting absolute cerebral blood flow in the visually activated region
(measured by arterial spin labeling).

Results—CAA subjects demonstrated reduced response amplitude (percent change in BOLD
signal 0.65+0.28 vs 0.89+0.14, p<0.01), prolonged time to peak (11.1+5.1 vs 6.4+1.8 sec,
p<0.001) and prolonged time to baseline (16.5+6.7 vs 11.6+3.1 sec, p<0.001) relative to controls.
These differences were independent of age, sex, and hypertension in multivariable analysis and
were also present in secondary analyses excluding nonresponsive voxels or voxels containing
chronic blood products. Within the CAA group, longer time to peak correlated with overall
volume of white matter T2 hyperintensity (Pearson correlation 0.53, p=0.007). Absolute resting
blood flow in visual cortex, in contrast, was essentially identical between the groups (44.0+12.6 vs
45.0£10.0 ml/100g/min, p=0.8).

Interpretation—Functional MRI identifies robust differences in both amplitude and timing of
the response to visual stimulation in advanced CAA. These findings point to potentially powerful
approaches for identifying the mechanistic links between vascular amyloid deposits, vascular
dysfunction, and CAA-related brain injury.

In addition to its role as a major cause of primary intracerebral hemorrhage, cerebrovascular
deposition of the R-amyloid peptide (cerebral amyloid angiopathy, CAA) also appears to
cause ischemic brain injury. Advanced CAA is associated with various neuropathological or
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neuroimaging markers of nonhemorrhagic tissue injury, including microinfarcts,1~> white
matter lesions,® 7 and altered diffusion-tensor properties.® These multifocal lesions likely
contribute to the association between advanced CAA and cognitive impairment observed in
community-dwelling elderly individuals.®

Determining the mechanism of CAA-related ischemic injury would be an important step
towards identifying candidate treatment approaches. One possibility suggested by studies in
transgenic mouse models,19-12 and human studies using functional transcranial Doppler
(fTCD)13. 14 js that CAA may reduce the ability of cerebral resistance vessels to dilate in
response to physiologic stimulation. Impaired vasoreactivity might in turn cause mismatches
between perfusion and metabolic demand, predisposing to ischemic damage.

The current analysis applies functional MRI (fMRI) to examine cerebrovascular reactivity
and blood flow in patients diagnosed with advanced CAA. Functional MRI offers several
important advantages over fTCD, including anatomic information on the location of
impaired vasoreactivity and the ability to measure absolute blood flow using arterial spin
labeling fMRI techniques. The current analysis focuses on the vascular properties of visually
activated cortex, a brain region with high burdens of cerebrovascular amyloid in advanced
CAA.15_17

Study populations and structural MRI

Structural and functional MRI was performed on 25 CAA subjects, recruited from an
ongoing longitudinal study of CAA.18 The CAA subjects met criteria for probable CAAL®
based on neuropathological samples (n=4) or presence of multiple strictly lobar hemorrhagic
lesions (n=21). We also performed fMRI on 12 similar aged subjects without history of
intracerebral hemorrhage. Control subjects were selected from among cognitively normal
members of the National Alzheimer's Coordinating Center-based Uniform Dataset cohort at
Massachusetts General Hospital. Demographic information, current medications, history of
hypertension, diabetes, hyperlipidemia, or dementia, and current tobacco use were
determined by patient interview and chart review as previously described.2 Exclusion
criteria for both groups were dementia, a diagnosis of cerebrovascular disease other than
CAA, and contraindication to fMRI (metallic implant/devices, claustrophobia, seizure
history). For subjects who underwent more than one fMRI session, the session with the least
apparent head motion during the functional acquisition was analyzed. All participants
provided informed consent for this study and all procedures were approved by the
Massachusetts General Hospital Institutional Review Board.

Study participants underwent structural and functional scanning at 1.5T using a Siemens
Avanto system (Siemens Healthcare, Erlangen, Germany) for each experimental session.
Two T1-weighted sagittal scans (Multi-echo MPRAGE,20 1x1x1mm voxel size), T2*-
weighted 2D axial images (1x1mm in-plane resolution, 5mm slice thickness, TR/TE
750/24msec) and FLAIR 3D axial images (1x1x1mm) were acquired using the vendor-
supplied 12-channel head coil in the same scanning session used for fMRI. Microbleeds and
macrobleeds were identified on the T2*-weighted images by a trained neurologist as
described.?! Volume of white matter hyperintensity on FLAIR sequences was determined by
computer-assisted methods and corrected for head size as described,’ yielding normalized
white matter hyperintensity (hWMH) volumes.

fMRI image acquisition and analysis

The details of fMRI image acquisition, task design, and image processing are described in
the Supplementary Methods. Briefly, BOLD-weighted echo-planar imaging (EPI) volumes
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positioned on the occipital lobes were acquired using the vendor-supplied 32-channel coil.
The visual stimulus consisted of 16 blocks of a 8-Hz flashing radial black-and-white
checkerboard pattern for 20 seconds followed by 28 seconds of gray screen.

For CAA subjects without prior occipital ICH (n=21), both hemispheres were incorporated
in the image analysis. For subjects with occipital tissue damage on the T1-weighted
structural scan (n=4), the affected hemisphere was excluded from the analysis. Pre-
processed functional volumes were co-registered to the multi-echo MPRAGE structural
images as described?? (and Supplementary Methods). A surface-based region of typical
functional activation was identified on the mesh representation of the cerebral cortical
surface using the first 8 control subjects scanned and 8 age- and gender-matched CAA
subjects. The common functional ROI represented a single contiguous surface region of
activation (Fig. 1a) demonstrating significant activation at an uncorrected threshold of
p<0.001. The average time course of the BOLD response to the visual stimulus for each
study participant was calculated by averaging the time-courses of all voxels within this ROI
and converting to BOLD percent signal change using the time-course average as a baseline
value, then averaging across the 16 stimulus blocks.

Subjects' block responses were fit to a trapezoidal function with parameters to describe the
time to reach peak response, the response amplitude, and the time to return to baseline (see
Supplementary Methods and Fig. 2b). Two secondary analyses were performed to address
the possible role of CAA-related tissue damage in reducing the fMRI response. The first of
these analyses used a more restrictive subset of the common functional ROI (selected by
relatively conservative methods; see Supplementary Methods) to exclude non-responding
voxels for each individual. The second of these analyses excluded all voxels containing
evidence of hemorrhage on T2*-weighted sequences.

Avrterial Spin Labeling (ASL) was performed using the Siemens PICORE Q2TIPS pulse
sequence in the absence of visual stimulation to determine mean resting cerebral blood flow
(CBF) in the functionally activated ROI. ASL was performed on 22 of the 25 CAA subjects
and all 12 controls; it was omitted in 3 of the CAA subjects because of scan-related time
constraints. Quantitative processing was performed as described.23 Briefly, images were
first motion-corrected and smoothed using a Gaussian FWHM of 5 voxels. The mean tag-
control difference image was generated using surround subtraction and quantitative CBF
values were generated according to the single-compartment Standard Kinetic Model. The
functional ROI was used as a mask for the ASL data, and the mean CBF value calculated for
the voxels within this mask.

Statistical analysis

Univariate comparisons of demographic, clinical, and fMRI parameters between CAA cases
and control subjects were performed by t-test (for continuous variables) or Fisher's exact test
(categorical variables). Within the CAA group, the fMRI parameters (time to peak,
amplitude, time to baseline) were analyzed for correlation with number of microbleeds and
nWMH by linear regression and Pearson correlation coefficient R. Time to peak, time to
baseline, hemorrhagic lesion counts, and nWMH were log transformed for all statistical
analyses to generate normal distributions. Multivariable analyses were performed to control
for age, sex, hypertension, and use of antihypertensive agents (classified as calcium-channel
blockers, beta blockers, or other antihypertensive agent, adding each separately to the
multivariable models).
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We analyzed change in BOLD signal in response to visual stimulation in 25 nondemented
patients diagnosed with probable CAA and 12 elderly nondemented control subjects. The
CAA patients (Table 1) were approximately 5 years younger than the controls, had slightly
lower scores on the Mini-Mental State Examination, a nonsignificant (p>0.1) trend towards
more hypertension, and similar proportions of hyperlipidemia, diabetes mellitus or tobacco
use. Comparison of fMRI responses to visual stimulation demonstrated significantly lower
amplitude of response (Fig. 1b), longer time to reach peak response, and longer time to
return to baseline after discontinuation of the visual stimulus in CAA subjects relative to
controls (Table 2, Fig. 2). These differences were independent of age, sex, hypertension, and
use of antihypertensive agent in multivariable analysis. The amplitude of undershoot of the
baseline during the stimulus-off interval did not differ between CAA and controls.

To exclude the possibility that differences between CAA and control subjects were driven
by CAA-related structural damage (even without hemorrhagic stroke), we performed a
secondary analysis restricted to those voxels in each individual subject with detectable
response to the visual stimulus (see Methods). The proportion of voxels meeting criteria for
visual response was smaller in CAA than control subjects (Table 3). Even when restricting
to this subset of responsive tissue, the CAA subjects again showed significantly reduced
amplitude and prolonged time to peak and baseline (Table 3), also independent of age, sex,
hypertension, and use of antihypertensive agent in multivariable analysis. This subset of
tissue additionally demonstrated reduced undershoot of baseline in CAA relative to control.
In a further secondary analysis to eliminate possible effects of hemorrhage products on
changes in the EPI signal, we found essentially identical differences between CAA and
controls when excluding all voxels containing microbleeds on co-registered T2*-weighted
MR images (data not shown).

We analyzed the 25 CAA subjects for correlations between measurements of ischemic
burden (normalized volume of white matter T2-hyperintensity, "WMH) and hemorrhagic
burden (number of microbleeds) versus the three fMRI parameters that differed from
controls (time-to-peak, time-to-baseline, and amplitude). Longer time to peak response
demonstrated moderate correlation with nWMH (Fig. 3, R=0.53, p=0.007) and remained
independent of age, sex, hypertension, and use of antihypertensive agent in multivariable
analysis. Similar associations were present in secondary analyses excluding nonresponsive
or microbleed-containing voxels. None of the measures of vascular reactivity correlated with
number of microbleeds.

Resting absolute CBF for the visually activated ROl was measured by ASL in 22 CAA
subjects and the 12 controls. This analysis showed was no difference between resting CBF
in CAA vs control in univariate (44.0 £ 12.6 vs 45.0 = 10.0 ml/200g/min, p=0.8) or
multivariable models. Similar results were obtained when the analysis excluded
unresponsive voxels or voxels containing microbleeds.

Discussion

This first reported application of fMRI analysis to subjects with advanced CAA
demonstrates impaired vascular reactivity to physiologic stimulation relative to similar aged
control subjects. The response to visual stimulation in CAA had both reduced amplitude and
altered timing, with slower ascent to peak and return to baseline. The absolute resting blood
flow in visual cortex, conversely, was similar in CAA and control subjects, and similar as
well to previously reported values for occipital cortex of healthy individuals over age 60.23
Variations in baseline CBF can potentially alter the hemodynamic response;24 the absence
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of a baseline CBF difference between the groups therefore also helps support the validity of
the observed differences in the transient responses to stimulation.

The results suggest that the major impact of advanced CAA on small vessel function may be
to alter the dynamic response to changes in local metabolic demand rather than the resting
blood flow. Similar impairments in vascular reactivity have been reported in transgenic
mouse models of CAA,19-12 though it has been difficult to determine whether they reflect
the effects of soluble R-amyloid peptide® versus the R-amyloid deposits in the vessel walls.
One study of Tg2576 transgenic mice found that acute depletion of soluble 3-amyloid with a
y-secretase inhibitor restored normal vasoreactivity for vessels with mild (<20%) but not
advanced (>20%) amyloid deposition,12 suggesting that both soluble and deposited amyloid
may participate in the observed physiologic impairment. Interestingly, resting vessel
diameters in this study were similar in Tg2576 and wild-type mice,12 perhaps analogous to
the current finding of differences in vascular reactivity but not resting blood flow between
CAA and controls.

CAA-associated delays in response to physiologic stimulation were suggested by a prior
analysis using fTCD,13 and in the current study, appear to be at least as robust as the
reductions of response amplitude. Prolonged time-to-peak response correlated with greater
volume of white matter hyperintensities within the CAA group, raising the possibility that
the timing of the vascular response might contribute to maintaining adequate blood flow and
avoiding chronic ischemic injury. If confirmed, this finding would suggest that vascular
reactivity to visual stimulation (presumably reflecting the effects of CAA within visual
cortex) may act as a reasonably accurate marker of overall CAA burden throughout the
brain, thus explaining the correlation with total brain WMH burden.

The BOLD response depends on the complex process of neurovascular coupling?® and
indeed is widely used to identify patterns of neuronal rather than vascular activation. One
important limitation to our analysis is therefore that altered response to physiologic
stimulation in CAA might reflect tissue damage rather than true vascular dysfunction. It is
reassuring in this regard that secondary analysis excluding unresponsive voxels (potentially
representing sites of unrecognized neuronal injury) yielded essentially the same findings as
analysis of the full ROI. Excluding unresponsive voxels may in fact bias towards the null
result, as some or all of these unresponsive sites might actually reflect severe vascular
damage rather than tissue injury (and this analysis indeed excluded more voxels in CAA
than control subjects; Table 3). It is similarly reassuring that excluding all hemorrhage-
containing voxels also had no substantial effect on the findings, suggesting that the results
were not caused by possible T2*-effects of chronic blood products on the EPI signal.
Another notable limitation is that our approach measures vascular reactivity only in visually
activated cortex rather than the brain as a whole. We chose to focus on visual stimulation
because of the robust response elicited by this stimulus and the tendency for CAA to be
most severe in occipital brain regions.15-17 We also note that fMRI at 1.5T has a lower time-
series signal-to-noise ratio compared to higher field strengths,2’ though the effect of reduced
detection power at 1.5T would again be expected to bias towards a null result rather than
positive findings. Another potential bias towards a null result would be varying use by study
subjects of vasoactive ingestibles such as caffeine, which we did not measure in the current
study.

The current data indicate that the vascular effects of advanced CAA are robustly detectable
using fMRI. One strength of fMRI is that unlike fTCD,3: 14 it provides anatomic
information on the location of altered vascular reactivity. The current results thus point to
the potential for multimodal imaging-based approaches to untangle the spatial
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interrelationship between the locations of CAA,16. 17 impaired vascular reactivity, and
CAA-related foci of tissue injury.1>

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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o
Control

Figure 1.

Visually activated region of interest. Figure 1a shows the functional ROI on the left
hemisphere inflated mid-gray cortical surface (darker grayscale values represent sulci).
Figure 1b shows functional activation on the inflated mid-gray surface of the left
hemispheres of a representative control (left) and CAA (right) subject. The color scale
denotes the Z-statistic for activation using the canonical hemodynamic response function
(see Methods); Z>3.1 corresponds to the level of significance (p<0.001) used to create the
functional ROI. There is apparent decreased strength of activation of the CAA subject
compared to the control.
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Figure 2.

BOLD response within the functional region of interest. Figure 2a shows average group
block responses relative to baseline (set at 0%) for the CAA (blue) and control (red) subjects
in the functional ROI. The shaded area denotes the duration of the visual stimulus “on”
period for the first 20 seconds of each block. Figure 2b illustrates the trapezoid fits of the
representative control (left) and CAA (right) subjects also shown in Figure 1b. Using these

fits to measure amplitude, time-to-peak (TTP) response, and time-to-baseline (TTB)

response, we found that the CAA subjects had reduced amplitude, prolonged time to peak,

and prolonged time to baseline (Table 2).
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Figure 3.

Association between time to peak response and normalized white matter hyperintensity
volume. Values for each CAA subject are plotted on logarithmic scales (Pearson R=0.53,
p=0.007).
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Subject Demographics and Vascular Risk Factors

CAA (n=25) | Controls(n=12)

Sex, M/F 21/4 8/4

Mean age + SD, years 702+787 75.3+6.2
Mean MMSE + SD 2754+25% 29.2+0.7
HTN, n (%) 16 (64) 4(33)

DM, n (%) 2(8) 2(17)

HL, n (%) 8(32) 5 (42)
Current tobacco use, n (%) 1(4) 1(8)

MMSE = Mini-mental status examination score

HTN = history of hypertension

DM = history of diabetes mellitus

HL = history of hyperlipidemia

p<0.05
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Table 2

Vascular Reactivity in Functional Region of Interest

CAA (n=25) | Controls(n=12)
Time to Peak + SD, sec 111+51% 6.4+18
Time to Baseline + SD, sec 165+6.7F 11.6+3.1
Amplitude + SD, % BOLD change | g5+ 0.287 0.89+0.14
Undershoot + SD, % BOLD change 0.05+0.12 0.10£0.11

*
p<0.001

”p<0.01
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Table 3

Vascular Reactivity Restricted to Activated Voxels

CAA (n=25) | Controls(n=12)
Responding Voxels + SD, % 48.1+188% 65.8+9.4
Time to Peak + SD, sec 111+47% 6.6+17
Time to Baseline + SD, sec 160597 11.0+£29
Amplitude + SD, % BOLD change | 1054+ 0277 122+0.17
Undershoot + SD, % BOLD change | g o5+0.13 7 0.13+0.08

*
p<0.001

To<0.05
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