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Part I

Cerebrovascular reactivity measured with visually stimulated functional MRI
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Abstract	
Cerebral Amyloid Angiopathy (CAA) is characterized by cerebrovascular amyloid-β 
accumulation leading to hallmark cortical MRI markers, such as vascular reactivity, but white 
matter is also affected. By studying the relationship in different disease stages of Dutch-type 
CAA (D-CAA), we tested the relation between vascular reactivity and microstructural white 
matter integrity loss. In a cross-sectional study in D-CAA, 3T MRI was performed with Blood-
Oxygen-Level-Dependent (BOLD) fMRI upon visual activation to assess vascular reactivity 
and diffusion tensor imaging to assess microstructural white matter integrity through Peak 
Width of Skeletonized Mean Diffusivity (PSMD). We assessed the relationship between BOLD 
parameters – amplitude, time-to-peak (TTP), and time-to-baseline (TTB) – and PSMD, with 
linear and quadratic regression modeling. In total, 25 participants were included (15/10 pre-
symptomatic/symptomatic; mean age 36/59y). A lowered BOLD amplitude (unstandardized 
β=0.64, 95%CI [0.10,1.18], p=0.02, Adjusted R2=0.48), was quadratically associated with 
increased PSMD levels. A delayed BOLD response, with prolonged TTP (β=8.34x10-6, 95%CI 
[1.84x10-6,1.48x10-5], p=0.02, Adj. R2=0.25) and TTB (β=6.57x10-6, 95%CI [1.92x10-6,1.12x10-5], 
p=0.008, Adj. R2=0.29), was linearly associated with increased PSMD. In D-CAA participants, 
predominantly in the symptomatic stage, impaired cerebrovascular reactivity is related 
to microstructural white matter integrity loss. Future longitudinal studies are needed to 
investigate whether this relation is causal. 
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Introduction
Cerebral Amyloid Angiopathy (CAA) is one of the leading etiologies of lobar intracerebral 
hemorrhage (ICH) and cognitive decline in elderly74. CAA is characterized by amyloid-β (Aβ) 
deposition in the cortical and leptomeningeal vasculature of the brain75. This deposition 
may cause vessel rigidness, and limit smooth muscle cell functioning, making the affected 
vessels more prone to rupture. On MRI, markers that are associated with CAA are – in addition 
to ICH – lobar cerebral microbleeds (CMB), cortical superficial siderosis (cSS)76, white 
matter hyperintensities (WMH), lobar lacunes, cortical microinfarcts (CMI)77, and enlarged 
perivascular spaces in the centrum semiovale (CSO-PVS)78. Hemorrhagic markers and CMIs 
occur in the cortical region of the brain and colocalize with Aβ accumulation, while other 
markers – WMH and enlarged PVS – localize in the white matter. This may point towards a 
remote effect of cortical Aβ accumulation on white matter integrity. Such a remote effect has 
recently been observed in ex vivo brains, with enlarged PVS in the subcortical white matter 
being related to Aβ accumulation within the overlying cortex79. The mechanisms that underly 
these remote effects are still poorly understood. 

Quantitative MR techniques provide opportunities to assess alterations in brain tissue that 
are not visible on conventional MRI80. Research in patients with sporadic CAA has shown 
changes in vascular reactivity of cortical vessels in the occipital lobe, with a lower response 
amplitude and delayed time-to-peak (TTP) and time-to-baseline (TTB) of the Blood-Oxygen-
Level-Dependent (BOLD) measure of visually stimulated functional MRI (fMRI)81. This impaired 
vascular reactivity is thought to reflect arterial stiffening, as a consequence of the Aβ deposition 
within the vessel wall. This hypothesis is strengthened by the comparison of visually evoked 
potentials and visually stimulated fMRI that has shown that the reduced vascular reactivity 
is due to impaired functioning of the blood vessels rather to impaired neuronal firing and 
accompanying change in metabolic demand82. However, it is not completely understood 
how these hemodynamic changes relate to the widespread white matter integrity loss 
characteristically observed in CAA. Diffusion MRI is currently the most sensitive measure for 
white matter integrity in cerebral small vessel disease (cSVD)83. Previous research has shown 
altered diffusion measures in CAA, typically with a global increase in mean diffusivity and 
decrease in directionality of diffusion84,85,86. These altered diffusion measures may indicate 
microstructural white matter integrity loss in the form of white matter tissue rarefaction and 
demyelination80. 

Most cases of CAA are sporadic, but worldwide a few rare autosomal dominant forms exist. 
One of the most common hereditary forms is Dutch-type hereditary CAA (D-CAA). D-CAA is 
caused by a single based point mutation at codon 693 of the amyloid precursor protein (APP) 
gene located on chromosome 2187. D-CAA is biochemically, pathologically, and radiologically 
similar to CAA, but has an earlier time of onset and more aggressive disease course88. Genetic 
testing and the early onset allow us to study CAA pathology with limited influence of age-
related confounders, in early as well as progressed disease stages. Measures of vascular 
reactivity and microstructural white matter integrity have both shown to be affected already 
in pre-symptomatic D-CAA, in the form of a delayed and lowered vascular response and 
increased “Peak Width of Skeletonized Mean Diffusivity” (PSMD), as measured with Diffusion 
Tensor Imaging (DTI)20,89.

We examined the association between BOLD parameters – amplitude, TTP, and TTB – 



24

Chapter 2

and PSMD in both pre-symptomatic and symptomatic D-CAA mutation carriers to better 
understand the relationship between hemodynamic alterations in the cortex and loss of 
microstructural white matter integrity.

Methods and materials

Study population

We included pre-symptomatic and symptomatic D-CAA mutation carriers who participated 
in our ongoing prospective natural history study in D-CAA (AURORA) between February 
2018 and July 2021. All participants were recruited via the (outpatient) clinic of the Leiden 
University Medical Center (LUMC). Inclusion criteria were age ≥ 18 years and a DNA proven 
APP mutation, or a medical history of ≥ 1 lobar ICH and ≥ 1 first-degree relative with D-CAA. 
Symptomatic D-CAA was defined by a history of at least one symptomatic ICH. During their 
study visit, participants underwent an interview (demographics and medical history), blood 
withdrawal, neuropsychological testing, and a 3 Tesla (T) and 7T brain MRI scan. To be eligible 
for this current study, participants needed to have a complete 3T DTI and fMRI scan of the 
brain. 

This study was approved by the local ethics review board of the LUMC and written informed 
consent was obtained from all participants before enrollment. 

MRI data acquisition

MRI scans of all D-CAA participants were acquired on a whole-body 3T magnetic resonance 
system (Philips Achieva, Best, the Netherlands) with a standard 32-channel head coil. Three-
dimensional T1 weighted images were acquired with the following parameters: repetition 
time (TR)/echo time (TE) 9.7/4.6 ms, flip angle 7 degrees, 130 slices with no interslice gap, 
and a field of view (FOV) of 217x172x156 mm with a voxel size of 1.2x1.2x1.2 mm, resulting in 
a scan duration of 2:48 min. The visually stimulated blood-oxygen-level-dependent (BOLD) 
fMRI sequence was acquired using the following parameters: TR/TE 1500/38 ms, flip angle 
78 degrees, 18 slices with a 0.5 mm interslice gap, FOV of 210x177x59 mm with a voxel size 
of 2.50x2.50x2.81 mm, and 224 dynamics (220 dynamics in 4 participants) resulting in a scan 
duration of ~5:40 min. The paradigm of the visual stimulus consisted of 7 blocks of an 8 Hz 
flashing radial black and white checkerboard pattern, for 20 s, followed by a grey screen for 
28 s81. DTI images were acquired using the following parameters: TR/TE 8194/76 ms, voxel 
size 1.72x1.72x2.50 mm, flip angle 90 degrees, 48 slices with no interslice gap, and FOV of 
220x220x120 mm, we acquired 45 gradient directions with b-value 1200 s/mm2 and one 
baseline image with b-value 0 s/mm2, resulting in a scan duration 6:33 min. The complete 
MRI protocol can be found in Supplementary Table 1.

BOLD processing

FMRI data processing was carried out using FEAT (FMRI Expert Analysis Tool)90 v6.0, part of FSL 
(FMRIB’s Software Library, www.fmrib.ox.ac.uk/fsl). The following pre-statistics processing 
steps were applied; motion correction using MCFLIRT91; slice-timing correction using Fourier-
space time-series phase-shifting; non-brain removal using BET92; spatial smoothing using 
a Gaussian kernel of FWHM 3.0 mm; grand-mean intensity normalization of the entire 4D 
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dataset by a single multiplicative factor; highpass temporal filtering (Gaussian-weighted 
least-squares straight line fitting, with sigma = 24.0 s). ICA-based exploratory data analysis 
was carried out using MELODIC93, in order to investigate the possible presence of unexpected 
artefacts or activation. Motion parameters as estimated by MCFLIRT were included as 
confound explanatory variable in the model, to remove residual effects of motion. 

The pre-processed fMRI data were analyzed within the primary visual cortex (V1)94. Registration 
of V1 to the fMRI image was performed using FSL FLIRT91 and FNIRT95,96. In patients with one or 
more ICH, we masked out the voxels in the V1 mask that were affected by ICH and surrounding 
gliosis, resulting in our region of interest (ROI). ICH and gliosis masks were manually delineated 
on T1 weighted images by two observers (MRS and NV) under supervision of an experienced 
neuroradiologist (MAAvW). The appearance on Fluid-Attenuated Inversion Recovery (FLAIR) 
and T2 weighted sequences was taken into account while delineating ICH and gliosis masks.

The mean BOLD response in the ROI, per paradigm block, was calculated for each participant. 
Subsequently, the mean BOLD response was calculated over the 7 paradigm blocks, to filter 
out noise. A trapezoid fit was applied onto the averaged BOLD response per participant, 
to determine amplitude, TTP, and TTB of the BOLD response. Calculation of the BOLD 
parameters were performed in MATLAB R2020b97. Amplitude is the percentage signal change 
of the BOLD response, during the peak of the response, normalized to the baseline. TTP is the 
amount of time in seconds, from the start of stimulus presentation to the peak of the BOLD 
response according to the trapezoid fit. TTB is the amount of time in seconds, from the end 
of stimulus presentation to the return of the BOLD response to baseline. If the BOLD response 
was too minimal for a trapezoid fit to be applied, the timing parameters were not included 
for further analysis. Amplitude of the BOLD response was in these cases calculated by taking 
the maximum of the BOLD response (after excluding outliers that were more than 3 median 
absolute deviations from the median) and subtracting the baseline BOLD response. 

Diffusion processing

DTI data were visually inspected to exclude major artefacts and then the raw diffusion images 
were pre-processed using the MRtrix v3.0 package98 (https:/mrtrix.org) and FSL (v6.0.5)96. Noise 
and Gibbs ringing artefacts were removed (‘dwidenoise’, ‘mrdegibbs’; MRtrix)99 and participant 
motion and eddy current induced distortions were corrected (‘eddy’; FSL). Following pre-
processing we calculated PSMD v1.8.2 using the fully automated script (https://psmd-marker.
com)100. PSMD is a measure of the dispersion of mean diffusivity (MD) values across the white 
matter skeleton. To calculate PSMD, diffusion data of each participant was first skeletonized 
using Tract-Based Spatial Statistics procedure (TBSS)101, part of FSL, using the FMRIB 1 mm 
fractional anisotropy (FA) template, thresholded at an FA-value of 0.2. MD images of that 
same participant were then projected onto the skeleton. To avoid contamination through 
cerebrospinal fluid partial volume effects, the MD-skeletons were further masked with the 
template skeleton thresholded at an FA value of 0.3 and a custom mask (provided with PSMD 
script), designed to exclude regions close to the ventricles. Finally, histogram analysis was 
performed on this masked MD-skeleton and PSMD was calculated as the difference between 
the 95th and 5th percentile of the MD values within the skeleton. 

For patients with an ICH, we masked out voxels in the skeleton that were affected by ICH 
and surrounding gliosis using the earlier described manually delineated masks. The T1 
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weighted image was registered to diffusion space using FLIRT91 (part of FSL) and the resulting 
transformation matrix was applied to the ICH and surrounding gliosis masks. These masks 
were then provided as lesion masks into the PSMD calculation. 

CAA SVD score

CAA related cSVD score was calculated for each participant102. The CAA SVD score consisted of 
lobar CMBs (1 point for 2-4, 2 points for ≥ 5), cSS (1 point for focal, 2 points for disseminated), 
CSO-PVS (1 point for ≥ 20, in one hemisphere and analyzed on one slice), and WMHs (1 point for 
Fazekas ≥ 2), resulting in a total CAA cSVD score ranging from 0-6 points, where higher scores 
reflect a more severe disease burden. The CAA cSVD scores and elaborate description of the 
scoring of the MRI markers that compose the CAA cSVD score are reported in Supplementary 
Table 2 and Supplementary Text 1, respectively. 

Statistical analysis

To correct PSMD for healthy aging, we used the 1000BRAINS cohort for reference103, 104. 
Correction was carried out by subtracting age-matched healthy PSMD values from the values 
in our participants. All analyses described in the results section are performed with the 
healthy age corrected PSMD data. Results of the analyses with uncorrected PSMD data are 
presented in Supplementary Text 2, Supplementary Table 3, and Supplementary Figure 1.

To examine the association between vascular reactivity parameters and diffusion MRI 
measures in pre-symptomatic and symptomatic D-CAA mutation carriers, linear regression 
analyses were performed with PSMD as dependent variable and BOLD amplitude, TTP, and 
TTB as independent variables. Addition of quadratic components to the regression analyses 
were examined by t-tests comparing the linear regression analyses and regression models 
with the added quadratic components. For each regression analysis, the unstandardized β 
is reported. A table containing both the standardized and unstandardized β per analysis is 
presented in Supplementary Table 3. To validate whether the relationship between the PSMD 
and BOLD would be stronger near the location where the vascular reactivity is measured, we 
performed an ROI based analysis of the PSMD in the occipital lobe and plotted the posterior 
PSMD as a function of age (Supplementary Figure 2) and in relation to the BOLD measures 
(Supplementary Figure 3). Sensitivity analyses were performed to see if the effects seen in the 
total group of D-CAA mutation carriers are consistent in the pre-symptomatic D-CAA mutation 
carriers. No sensitivity analyses were performed for the symptomatic D-CAA mutation carriers 
due to the small sample of this subgroup. All statistical analyses were performed using the 
software R v4.1.0105.

Results
Out of 38 participants who had complete DTI and fMRI scans, 12 participants (five/seven pre-/
symptomatic) were excluded due to paradigm related motion (Pearson’s R > 0.2106) and one 
participant was excluded due to failed registration. Thus, we included 25 participants: 15 pre-
symptomatic and 10 symptomatic mutation carriers. Five out of 10 symptomatic mutation 
carriers had a minimal response to the visual stimulus. Therefore, the timing parameters of 
the fMRI reactivity scans could not be determined in these cases, and only the amplitude 
parameter was included in the analyses. Participant characteristics are presented in Table 1. 
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Table 1. Descriptive statistics of the current study cohort

Study cohort  
(n = 25)

Pre-symptomatic 
mutation carriers  
(n = 15)

Symptomatic  
mutation carriers  
(n = 10)

Mean age ± SD [y] (range) 45 ± 13  
(28—71)

36 ± 6  
(28—47)

59 ± 7  
(49—71)

Sex (M/F) 9/16 4/11 5/5

Median uncorrected PSMD [10-4 
mm2/s] (IQR)

3.20  
(2.40—4.60)

2.40  
(2.30—2.79)

4.70  
(4.45—5.43)

Median healthy age corrected 
PSMD [10-4 mm2/s] (IQR)

0.71  
(-0.07—1.93)

0.08  
(-0.07—0.47)

2.00  
(1.58—2.26)

Mean MD score ± SD [10-4 
mm2/s] (range)

7.83 ± 0.65  
(6.79—9.31)

7.40 ± 0.42  
(6.79—8.20)

8.47 ± 0.49  
(7.76—9.31)

Mean FA score ± SD [mm2/s] 
(range)

0.37 ± 0.05  
(0.27—0.44)

0.40 ± 0.03  
(0.35—0.44)

0.32 ± 0.04  
(0.27—0.39)

Mean amplitude of BOLD re-
sponse ± SD [%] (range)

1.04 ± 0.69  
(0.26—2.93)

1.41 ± 0.64  
(0.48—2.93)

0.48 ± 0.18  
(0.26—0.76)

Mean TTP of BOLD response ± 
SD [s] (range)A

15.93 ± 6.29  
(4.77—28.66)

13.49 ± 4.57  
(4.77—23.08)

23.27 ± 5.02  
(17.43—28.66)

Mean TTB of BOLD response ± 
SD [s] (range)A

19.40 ± 8.54  
(8.74—37.68)

15.66 ± 5.21  
(8.74—24.53)

30.63 ± 6.46  
(25.19—37.68)

Median total CAA cSVD score 
(IQR)B

1 (1—4) 1 (0—1) 5 (4—5)

    0 4 4 0

    1 6 6 0

    2 1 1 0

    3 1 0 1

    4 3 0 3

    5 5 0 5

    6 0 0 0
Abbreviations. PSMD; Peak Width of Skeletonized Mean Diffusivity. IQR; interquartile range. MD; mean 
diffusivity. FA; fractional anisotropy. BOLD; Blood-Oxygen-Level-Dependent. TTP; time-to-peak. TTB; 
time-to-baseline. CAA; Cerebral Amyloid Angiopathy. cSVD; cerebral Small Vessel Disease. 

A. Five missing values in the study cohort and symptomatic D-CAA mutation carriers.

B. Five, four, and one missing values in the total study cohort, pre-symptomatic, and symptomatic 
D-CAA mutation carriers, respectively. 

PSMD, BOLD parameters, and age 

The uncorrected PSMD in the current D-CAA study cohort, PSMD in the 1000BRAINS cohort, 
and the healthy age corrected PSMD as a function of age, are depicted in Figure 1. Figure 1 
shows that the normal age-effect on PSMD is smaller than the increase in PSMD as observed 



28

Chapter 2

in our cohort, i.e. disease duration is more dominantly influencing PSMD. BOLD parameters 
as a function of age in the current D-CAA study cohort, are depicted in Figure 2. 

Healthy age corrected PSMD in relation to BOLD parameters

First, linear regression modeling showed that decreasing amplitude significantly predicted 
increasing healthy age corrected PSMD (unstandardized B = -0.90x10-4  mm2/s/percentage, 
95% CI [-1.39x10-4, -0.42x10-4], p < 0.001, Adjusted R2 = 0.36). Second, linear regression 
modeling showed that increasing BOLD TTP significantly predicted increasing healthy age 
corrected PSMD (unstandardized B = 8.34x10-6 mm2/s/s, 95% CI [1.84x10-6, 1.48x10-5], p = 0.02, 
Adj. R2 = 0.25). Last, linear regression modeling showed that increasing BOLD TTB significantly 
predicted increasing healthy age corrected PSMD (unstandardized B = 6.57x10-6 mm2/s/s, 
95% CI [1.92x10-6, 1.12x10-5], p = 0.008, Adj. R2 = 0.29).

 Looking at the relationships between BOLD parameters and healthy age corrected PSMD, 
a linear fit might not be the best fit. To assess a non-linear relationship, we tested the 
addition of the independent variables as quadratic components to the regression models. 
Addition of BOLD amplitude as quadratic eff ect to the model, led to an increase in explained 
variance compared to the linear model, while the relation remained statistically significant 
(unstandardized B = 6.38x10-5 mm2/s/percentage, 95% CI [0.97x10-5, 11.79x10-5], p = 0.02, 
Adj. R2 = 0.48). The quadratic model improved statistically significantly on the linear model 
(p = .02). The quadratic regression models with increasing timing parameters – TTP and TTB – 
as predictors for increasing healthy age corrected PSMD were not significant and are reported 
in Supplementary Table 3.

Figure 1. A) uncorrected PSMD as a function of age in the D-CAA study cohort and PSMD in the 
1000BRAINS cohort, and B) healthy age corrected PSMD as a function of age in D-CAA. All graphs include 
linear regression trends. The standard error for the D-CAA dataset is indicated by the shaded error bar 
and for the 1000BRAINS cohort with standard error bars per age group. 

Abbreviations. PSMD; Peak Width Skeletonized Mean Diff usivity. D-CAA; Dutch-type Cerebral Amyloid 
Angiopathy.
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Figure 2. BOLD parameters A) amplitude, B) time-to-peak, and C) time-to-baseline as a function of age 
in the current D-CAA study cohort.

Abbreviations. BOLD; Blood-Oxygen-Level-Dependent. D-CAA; Dutch-type Cerebral Amyloid Angiopathy. 

Figure 3 shows the linear regressions for healthy age corrected PSMD versus the timing 
parameters and the quadratic regression between healthy age corrected PSMD versus BOLD 
amplitude. 

Sensitivity analyses

 Sensitivity analyses in the pre-symptomatic D-CAA mutation carriers showed that the 
eff ect size, as estimated by unstandardized B, collapses in the linear (unstandardized B 
= -0.79x10-5 mm2/s/percentage, 95% CI [-4.42x10-5, 2.82x10-5], p = 0.64, Adj. R2 = -0.06) and 
quadratic regression modeling (unstandardized B = 0.74x10-5 mm2/s/percentage, 95% CI 
[-3.63x10-5, 5.12x10-5], p = 0.72 Adj. R2 = -0.13) of BOLD amplitude as predictor of healthy age 
corrected PSMD. The sign of the eff ect size in the linear regression models, as estimated by 
unstandardized B, turns around for timing parameters TTP (unstandardized B = -3.20x10-7 

mm2/s/s, 95% CI [-5.44x10-6, 4.80x10-6], p = 0.90, Adj. R2 = -0.08) and TTB (unstandardized B = 
-2.46x10-6 mm2/s/percentage, 95% CI [-6.71x10-6, 1.80x10-6], p = 0.24, Adj. R2 = 0.04) in predicting 
increasing healthy age corrected PSMD. In addition, these regression models do not show a 
statistically significant eff ect. 
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Figure 3. Graphs showing the relations between healthy age corrected PSMD and BOLD parameters 
with corresponding adjusted R2 values; A) quadratic relationship between PSMD and BOLD amplitude, 
B) linear relationship between PSMD and BOLD time-to-peak, and C) linear relationship between PSMD 
and BOLD time-to-baseline. In B and C, the healthy age corrected PSMD values, of symptomatic D-CAA 
mutation carriers of whom no timing parameter could be calculated due to minimal BOLD response to 
the visual stimulus, are jittered on the right side of the plot, presenting the mean and standard deviation. 

Abbreviations. PSMD; Peak Width Skeletonized Mean Diff usivity. BOLD; Blood-Oxygen-Level-Dependent. 
D-CAA; Dutch-type Cerebral Amyloid Angiopathy.

Discussion
The most important findings of this study are two-fold. First, a lowered amplitude of the 
vascular response is associated with deteriorated microstructural white matter integrity, 
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but only when vascular reactivity is already severely lowered. Second, a delayed vascular 
response is also related to deteriorated microstructural white matter integrity. 

Sensitivity analyses showed that the effect between the BOLD parameters and PSMD does not 
hold when solely looking at pre-symptomatic D-CAA mutation carriers. This may be explained 
by the relatively early disease stage, resulting in a narrow range of values and a concomitant 
drop in the effect size. Considering the amplitude of the BOLD response, since the amplitude 
had to decrease significantly before PSMD started to increase, such a correlation might 
remain undetected in the pre-symptomatic phase. On the other hand, it can also be that our 
sample size of pre-symptomatic participants was just too small to replicate the effect found 
in the total group. No sensitivity analyses were performed in symptomatic D-CAA mutation 
carriers due to the even smaller subgroup size. This also points to the general limitation of the 
current study: the total sample size is limited, which arises from the rarity of the D-CAA genetic 
variant and due to the exclusion based on stimulus-correlated motion.

Previous literature has shown both lowered vascular reactivity and lowered microstructural 
white matter integrity in D-CAA with already significant reductions in the pre-symptomatic 
phase20,89. With the current study we increase understanding of potential mechanisms 
underlying the deterioration in microstructural white matter integrity by studying its 
association with vascular reactivity. A delayed vascular response to a visual stimulus 
was found to be linearly – albeit with limited significance – related to increased values of 
PSMD, and thus lowered microstructural white matter integrity. In contrast, PSMD remained 
relatively stable along a wide range of amplitude reductions of the BOLD response. When 
the vascular reactivity was deteriorated to the degree that only a very small amplitude of 
the BOLD response (< 0.9%) remained, values of PSMD started to increase sharply. Timing 
parameters of vascular reactivity, therefore, appear to go hand in hand with microstructural 
white matter integrity loss, while the amplitude of the vascular response only starts to relate 
to microstructural white matter integrity loss once the vascular response is severely lowered. 

The current findings are predominantly affected by the increased PSMD values in the 
symptomatic D-CAA. In participants with pre-symptomatic D-CAA, there is only a small 
subgroup with deviating PSMD values compared to the healthy cohort, while the vascular 
reactivity is already affected in most pre-symptomatic participant. Earlier reduction in vascular 
reactivity, compared to white matter integrity loss, is in line with the recently proposed 
pathophysiological framework of CAA8. It is therefore likely that part of the participants 
with pre-symptomatic D-CAA are only in stage two of the disease, that is characterized by 
amyloid-β accumulation and reduced vascular reactivity8. The rapid deterioration that we 
see in the symptomatic stage of D-CAA is thought the be the result of vascular remodeling 
that accompanies the stage in which mutation carriers get ICH (stage four)8. 

To further interpret our results, we hypothesize that Aβ accumulation in the cortical arteries, 
arterioles, and capillaries, could be causing vessel rigidness, which first results in a delay and 
subsequently in a reduction of the vascular response. This increased timing and lowered 
amplitude of the vascular response may reflect delayed and decreased blood supply not only 
to the visual cortex, but probably also to the white matter, leading to integrity loss, but only in 
the more severe stages of disease. A potential reason why integrity loss only occurs for more 
severe reductions in vascular reactivity may be the relatively low metabolic demand and 
alternative blood supply of the white matter as well as inherent reserve capacity of cerebral 
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hemodynamics107.

The vascular reactivity measurement in the current D-CAA cohort shows a flooring effect 
for the BOLD timing parameters, where these can no longer be assessed when the vascular 
response to a visual stimulus is too small. It appeared that five participants had such a 
lowered vascular response to the visual stimulus, that no trapezoid response could be fitted 
to the BOLD signal. In these cases, we were only able to estimate the amplitude change of the 
BOLD response, but no timing parameters could be deducted from the noisy time-courses. 
Thus, information on the timing parameters of the individuals with the most affected vascular 
reactivity was excluded from the regression models with timing parameters as predictors. 
This may have resulted in an underestimation of the effect between the timing parameters – 
TTP and TTB – and PSMD. 

A limitation to vascular reactivity as measured by visually stimulated fMRI, is that it cannot 
be ruled out that a so-called non-responder did not look at the visual stimulus and therefore 
was not visually stimulated. A simple feedback test incorporated into the visual task to 
check compliance is therefore an important improvement and was previously employed81,20. 
However, during the measurements we did not have any sign of non-compliance from our 
participants. Another limitation of using a visual stimulus is that the vascular reactivity was 
only measured in the primary visual cortex. However, previous findings have shown that task-
based fMRI assessing the primary visual cortex and the motor cortex have found a moderate 
correlation to each other and a high correlation with global microbleeds and WMH volume 
in CAA82. Based on these findings, we hypothesize that the measured vascular reactivity is 
also a reflection of the more global disease effect. However, based on pathological studies, 
we believe that vascular amyloid-β deposition starts especially within the posterior areas 
of the cerebrum and therefore occipital measures will probably show the earliest reduction 
in vascular reactivity108,109. In addition, 12 participants had to be excluded due to stimulus-
correlated motion during the fMRI scan. This may have resulted in an inclusion bias. However, 
since excluded participants were both pre-symptomatic and symptomatic patients, we do not 
believe that this e.g. has led to exclusion of the most affected participants. Finally, to further 
investigate and provide evidence for the relationship between impaired cerebrovascular 
reactivity and microstructural white matter integrity or study causality, a follow up study is 
needed. 

By excluding lesions from our V1 ROI for the BOLD analysis and PSMD skeleton for the 
PSMD analysis, we have excluded a direct effect of signal drops due to ICH on our analyses. 
However, since often times both hemispheres are ICH-affect, it is not feasible to perform a 
non-ICH hemisphere analysis for PSMD and BOLD. A resulting limitation is that we cannot 
differentiate between microstructural related CAA and large-scale CAA effects. It, therefore, 
cannot be ruled out that abnormal BOLD reflects Wallerian degeneration caused by ICH.

It is likely that the large variance in the BOLD measures, which is especially present in the 
pre-symptomatic mutation carriers, contributes to the lack of a significant relationship 
between PSMD and BOLD in pre-symptomatic mutation carriers. However, the variance in 
BOLD amplitude as observed in our study is similar to that of healthy controls20,18, most likely 
indicating that this reflects normal biological variation. In symptomatic mutation carriers a 
much smaller variance was observed, what can be attributed to a flooring effect of the BOLD 
amplitude. Previous results did show a lower variance in the timing parameters in healthy 



33

Microstructural white matter integrity and vascular reactivity in D-CAA

    2

controls compared to the participants in this study, which is likely due to the impact on the 
effect of pathology on timing parameters in D-CAA. This pathology, and therefore increased 
variance in the BOLD timing measures, may partly be attributed to the fact that loss of 
vasoreactivity typically precedes non-hemorrhagic injury8, such as reflected in the lower 
PSMD in older mutation carriers. 

Limiting the PSMD measurements towards the occipital lobe, as presented in Supplementary 
Figures 2 and 3, shows that the association remains very similar in comparison to whole brain 
PSMD. This may indicate either that similar mechanisms are at play in the occipital lobe as 
whole brain or that the posterior white matter integrity loss drives the whole brain PSMD 
values. 

With the current study we cannot assess if the found relationship is specific for CAA, or 
whether it is generalizable for other CSVD. However, we think the studied association and 
measure of vascular reactivity are especially interesting in (D-)CAA as visually stimulated fMRI 
is most often to assess vascular reactivity18,20,110,111,81,112,19. Vascular reactivity in the occipital 
cortex is especially interesting since amyloid-β accumulation starts predominantly in the 
posterior cortex108,109. In addition, it has been shown that both vascular response and white 
matter integrity area already affected in the pre-symptomatic phase of (D-)CAA20,8, which 
leads us to believe that the relationship between BOLD and PSMD is of special interest in the 
pre-symptomatic phase of CAA. 

Our study adds to the current knowledge by studying invisible white matter integrity loss, 
which may already show differences in the earliest phases of the disease course. Therefore, the 
monogenetic background of our participant population adds importantly to the relevance, 
as we can study the pre-symptomatic stage of CAA.

The main strength of this study is the diagnostic certainty of our D-CAA study population. 
As previously mentioned, this allows us to study D-CAA – that can be considered as a 
monogenetic model for sporadic CAA – over the whole disease course. This also enabled the 
study of a relatively pure form of vascular reactivity and microstructural white matter integrity, 
without age related confounders. That we look at a relatively pure form is demonstrated by 
the much smaller annual change in PSMD in a healthy population – from the 1000BRAINS 
study – than the change observed in our D-CAA cohort, and the resulting similar trend in PSMD 
as a function of age before and after healthy age correction. The fact that PSMD changes in a 
healthy populations in a much more subtle fashion than in participants with D-CAA, supports 
the use of normal age correction as performed in this study as opposed to inclusion of age 
as covariate in the regression models, which would have resulted in an overestimation of 
the age effect and underestimation of the disease effect in our cohort. A limitation of the 
healthy control cohort is that those participants were not scanned at the same scanner with 
the same sequence as our D-CAA study cohort. Previous research has shown that a similar 
argumentation is true for the BOLD reactivity parameters, namely that because the BOLD 
response is much more dominantly influenced by disease duration than age effect20, thus the 
use of age as co-variate would underestimate any disease affect. 

Final strengths of this study are the measures used to assess vascular reactivity and 
microstructural white matter integrity. In this study we used visually stimulated BOLD fMRI to 
assess the hemodynamic response as an indication of vascular reactivity. In contrast to other 
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methods to assess hemodynamic response – such as the most used BOLD combined with a 
CO2 challenge113 – visually stimulated BOLD fMRI is easily applicable and most importantly 
non-invasive. The advantage of using PSMD compared to other diffusion MRI measures 
to assess microstructural white matter integrity is the robustness of this measure to CSF 
contamination of the diffusion signal and the robustness to variance in diffusion acquisition 
parameters, MR system, and field strength114,115. Robustness to this variance also contributes 
to our choice to perform healthy age correction to the PSMD data, based on an external 
cohort. 

To conclude, we showed that microstructural white matter integrity is related to a delayed 
and lowered BOLD response. Importantly, the relationship between PSMD and the lowered 
BOLD response only starts to appear when the vascular response is severely lowered. These 
results indicate that there is an interplay between the vascular reactivity deterioration and 
microstructural white matter integrity loss in D-CAA. Whether this relation is causal cannot be 
inferred based on these results as the current study is a cross-sectional, observational study. 
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Supplemental materials to Chapter 2
Supplementary Text 1

CAA-related disease markers

The CAA-related MRI markers: intracerebral hemorrhage (ICH), cerebral microbleeds (CMB), 
cortical superficial siderosis (cSS), white matter hyperintensities (WMH), and perivascular 
spaces in the centrum semiovale (CSO-PVS) were scored in accordance with the STRIVE 
criteria116, by a single observer (EAK) with > 5 years’ experience in the field under the 
supervision of an experienced neuroradiologist (MAAvW). Additionally, 10% of all the scans 
were scored by another observer (SV) to assure interrater reliability. Both the number of CMBs 
and ICHs were counted on susceptibility weighted imaging (SWI). Presence and focality of 
cSS was also scored on SWI (0-4 focality score point scale ranging from no cSS to more than 
3 adjacent affected sulci in both hemispheres)76. Deep and periventricular WMH were rated 
on the Fazekas scale on FLAIR sequences (0-3 point scale for both periventricular and deep 
WMH)117. CSO-PVS were scored on one slice of one hemisphere, using a validated visual rating 
scale on T2 weighted sequences (0-4 point scale ranging from 0 till more than 40 PVS)116.

Supplementary Text 2

Uncorrected PSMD in relation to BOLD parameters

Linear regression modeling showed that decreasing blood-oxygen-level-dependent (BOLD) 
amplitude significantly predicted increasing uncorrected Peak Width of Skeletonized Mean 
Diffusivity (PSMD) (unstandardized B = -1.15x10-4 mm2/s/percentage, 95% CI [-1.74x10-
4, -0.56x10-4], p < 0.001, Adjusted R2 = 0.39). Linear regression modeling showed that 
increasing BOLD time-to-peak (TTP) significantly predicted increasing uncorrected PSMD 
(unstandardized B = 1.08x10-05 mm2/s/s, 95% CI [3.02x10-06, 1.86x10-05], p = 0.009, Adj. R2 = 0.28). 
Linear regression modeling showed that increasing BOLD time-to-baseline (TTB) significantly 
predicted increasing uncorrected PSMD (unstandardized B = 8.64x10-06 mm2/s/s, 95% CI 
[3.15x10-06, 1.41x10-05], p = 0.004, Adj. R2 = 0.34).

Addition of the independent variables as quadratic components to the regression models, 
was only statistically significant for increasing BOLD amplitude as predictor of increasing 
uncorrected PSMD. The quadratic regression models with increasing timing parameters 
TTP and TTB as predictors for increasing PSMD were not significant and are reported in 
Supplementary Table 3. Adding BOLD amplitude as quadratic effect to the model, leads 
to increase explained variance, while the relation remains significant (unstandardized B = 
8.13x10-5 mm2/s/percentage, 95% CI [1.66x10-5, 14.61x10-5], p = 0.02, Adj. R2 = 0.51). A t-test 
comparing the linear and quadratic regression models revealed a statistically significant 
difference between the two models (p = 0.02). 

Supplementary Figure 1 shows the quadratic regression modeling with decreasing BOLD 
amplitude as predictor of increasing uncorrected PSMD and the linear regression modeling 
with increasing BOLD timing parameters as predictors of increasing uncorrected PSMD. 

These results show that without correcting for age, all effects remain statistically significant. 
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Also, the explained variance remains similar to the explained variance of the linear and 
quadratic regression analyses where the BOLD parameters predict increasing healthy age 
corrected PSMD. 

Sensitivity analyses

Sensitivity analyses in the pre-symptomatic Dutch-type Cerebral Amyloid Angiopathy (D-CAA) 
mutation carriers showed that the effect size as estimated by unstandardized B collapses 
in the linear (unstandardized B = -0.98x10-5 mm2/s/percentage, 95% CI [-4.93x10-5, 2.97x10-
5], p = 0.60, Adj. R2 = -0.05) and quadratic regression modeling (unstandardized B = 0.52x10-5 
mm2/s/percentage, 95% CI [-4.16x10-5, 5.40x10-5], p = 0.78, Adj. R2 = -0.13) of BOLD amplitude 
as predictor of uncorrected PSMD. Sensitivity analysis shows that the effect size in the linear 
regression modeling, as estimated by unstandardized B, collapses for increasing BOLD TTP 
as predictor of increasing uncorrected PSMD (unstandardized B = 1.21x10-7 mm2/s/s, 95% CI 
[-5.48x10-6, 5.72x10-6], p = 0.96, Adj. R2 = -0.08). Sensitivity analysis shows that the sign of the 
effect size in the linear regression modeling, as estimated by unstandardized B, turns around 
for BOLD TTB as predictor of increasing uncorrected PSMD (unstandardized B = -2.70x10-6 

mm2/s/s, 95% CI [-7.35x10-6, 1.95x10-6], p = 0.23, Adj. R2 = 0.04). In addition, the regression 
models no longer show statistically significant effects. 
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Supplementary Table 2. Additional descriptive statistics of the current study cohort

Study cohort  
(n = 25)

Pre-symptomatic 
mutation carriers  
(n = 15)

Symptomatic  
mutation carriers 
(n = 10)

Median number of ICH (IQR)A 0 (0—9) 0 (0—0) 19 (7—37)

Median number of CMB (IQR)A 0 (0—129) 0 (0—0) 154 (108—353)

Median cSS multifocality score (IQR)B 0 (0—0) 0 (0—0) 1 (0—2)

0 15 11 4

1 1 0 1

2 3 0 3

3 1 0 1

4 0 0 0

Median periventricular WMH Fazekas 
score (IQR)B

1 (0—3) 0 (0—1) 3 (3—3)

0 7 7 0

1 3 2 1

2 3 2 1

3 7 0 7

Median deep WMH Fazekas score 
(IQR)B

1 (0—2) 0 (0—1) 3 (2—3)

0 6 6 0

1 5 5 0

2 4 0 4	

3 5 0 5

Median CSO-PVS visual rating score 
(IQR)B

3 (3—4) 3 (2—4) 4 (3—4)

0 1 0 1

1 2 2 0

2 2 2 0

3 5 3 2

4 10 4 6
Abbreviations. ICH; intracerebral hemorrhage. IQR; interquartile range. CMB; cerebral microbleeds. cSS; 
cortical superficial siderosis. WMH; white matter hyperintensity. CSO-PVS; perivascular spaces in the 
centrum semiovale.

A. 1 missing value in the pre-symptomatic D-CAA mutation carriers.

B. 5, 4, and 1 missing values in the total study cohort, pre-symptomatic, and symptomatic D-CAA 
mutation carriers, respectively. 



39

Microstructural white matter integrity and vascular reactivity in D-CAA

    2

Su
pp
le
m
en
ta
ry
 Ta
bl
e 3
. S
ta
tis
tic
s o
f t
he
 re
gr
es
si
on
 an
al
ys
es
 p
er
fo
rm
ed
 o
n 
PS
M
D 
ve
rs
us
 th
e B
O
LD
 p
ar
am

et
er
s,
 in
cl
ud
in
g t
he
 st
an
da
rd
iz
ed
 an
d 
un
st
an
da
rd
iz
ed
 

be
ta

St
an
da
rd
iz
ed
 β
 [9
5%

 C
I]

U
ns
ta
nd
ar
di
ze
d 
B 
[9
5%

 C
I]

p-
va
lu
e

Ad
ju
st
ed
 R

2

Li
ne
ar
 m
od
el
 o
f h
ea
lth
y 
ag
e 
co
rr
ec
te
d 
PS
M
D 
vs
. B
O
LD
 a
m
pl
itu
de

-0
.6
3 [
-0
.9
6,
 -0
.2
9]

-0
.9
0x
10

-4
 [-
1.
39
x1
0-
4 , 
-0
.4
2x
10

-4
]

< 
0.
00
1

0.
36

Li
ne
ar
 m
od
el
 o
f h
ea
lth
y 
ag
e 
co
rr
ec
te
d 
PS
M
D 
vs
. B
O
LD
 T
TP

0.
54
 [0
.1
2,
 0
.9
5]

8.
34
x1
0-
6 
[1
.8
4x
10

-6
, 1
.4
8x
10

-5
]

0.
02

0.
25

Li
ne
ar
 m
od
el
 o
f h
ea
lth
y 
ag
e 
co
rr
ec
te
d 
PS
M
D 
vs
. B
O
LD
 T
TB

0.
57
 [0
.1
7,
 0
.9
8]

6.
57
x1
0-
6  [
1.
92
x1
0-
6 , 
1.
12
x1
0-
5 ]

0.
00
8

0.
29

Q
ua
dr
at
ic
 m
od
el
 o
f h
ea
lth
y 
ag
e 
co
rr
ec
te
d 
PS
M
D 
vs
. B
O
LD
 a
m
pl
itu
de

1.
25
 [0
.1
9,
 2
.3
1]

6.
38
x1
0-
5  [
0.
97
x1
0-
5 , 
11
.7
9x
10

-5
]

0.
02
 

0.
48

Q
ua
dr
at
ic
 m
od
el
 o
f h
ea
lth
y 
ag
e 
co
rr
ec
te
d 
PS
M
D 
vs
. B
O
LD
 T
TP

0.
47
 [-
1.
60
. 2
.5
5]

0.
21
x1
0-
6  [
-0
.7
0x
10

-6
, 1
.1
2x
10

-6
]

0.
64

0.
21

Q
ua
dr
at
ic
 m
od
el
 o
f h
ea
lth
y 
ag
e 
co
rr
ec
te
d 
PS
M
D 
vs
. B
O
LD
 T
TB

0.
25
 [-
1.
75
, 2
.2
5]

0.
62
x1
0-
7  [
-4
.3
6x
10

-7
, 5
.6
0x
10

-7
]

0.
80

0.
25

Li
ne
ar
 m
od
el
 o
f u
nc
or
re
ct
ed
 P
SM
D 
vs
. B
O
LD
 a
m
pl
itu
de

-0
.6
4 [
-0
.9
7,
 -0
.3
1]

-1
.1
5x
10

-4
 [-
1.
74
x1
0-
4 , 
-0
.5
6x
10

-4
]

< 
0.
00
1

0.
39

Li
ne
ar
 m
od
el
 o
f u
nc
or
re
ct
ed
 P
SM
D 
vs
. B
O
LD
 T
TP

0.
57

 [0
.1
6,
 0
.9
8]

1.
08
x1
0-
5 
[3
.0
2x
10

-6
, 1
.8
6x
10

-5
]

0.
00
9

0.
28

Li
ne
ar
 m
od
el
 o
f u
nc
or
re
ct
ed
 P
SM
D 
vs
. B
O
LD
 T
TB

0.
62

 [0
.2
3,
 1
.0
1]

8.
64
x1
0-
6 
[3
.1
5x
10

-6
, 1
.4
1x
10

-5
]

0.
00
4

0.
34

Q
ua
dr
at
ic
 m
od
el
 o
f u
nc
or
re
ct
ed
 P
SM
D 
vs
. B
O
LD
 a
m
pl
itu
de

1.
29
 [0
.2
6,
 2
.3
1]

8.
13
x1
0-
5 
[1
.6
6x
10

-5
, 1
4.
61
x1
0-
5 ]

0.
02

0.
51

Q
ua
dr
at
ic
 m
od
el
 o
f u
nc
or
re
ct
ed
 P
SM
D 
vs
. B
O
LD
 T
TP

0.
41
 [-
1.
62
, 2
.4
4]

0.
22
x1
0-
6  [
-0
.8
7x
10

-6
, 1
.3
1x
10

-6
]

0.
68

0.
25

Q
ua
dr
at
ic
 m
od
el
 o
f u
nc
or
re
ct
ed
 P
SM
D 
vs
. B
O
LD
 T
TB

0.
41
 [-
1.
50
, 2
.3
2]

1.
25
x1
0-
7  [
-4
.6
0x
10

-7
, 7
.1
1x
10

-7
]

0.
66

0.
31

No
te
. U
ni
ts
 in
 th
e 
re
gr
es
si
on
 m
od
el
in
g 
of
 P
SM
D 
vs
. B
O
LD
 a
m
pl
itu
de
 is
 m
m

2 /
s/
pe
rc
en
ta
ge
 a
nd
 o
f P
SM
D 
vs
. B
O
LD
 T
TP
 a
nd
 T
TB
 is
 m
m

2 /
s/
s.
 

Ab
br
ev
ia
tio
ns
. P
SM
D;
 P
ea
k 
W
id
th
 S
ke
le
to
ni
se
d 
M
ea
n 
Di
ffu
si
vi
ty
. B
O
LD
; B
lo
od
-O
xy
ge
n-
Le
ve
l-D
ep
en
de
nt
. T
TP
; t
im
e-
to
-p
ea
k.
 T
TB
; t
im
e-
to
-b
as
el
in
e.



40

Chapter 2

Supplementary Figure 1. Graphs showing the relations between uncorrected PSMD and BOLD 
parameters with corresponding adjusted R2 values; A) quadratic relationship between uncorrected 
PSMD and BOLD amplitude, B) linear relationship between uncorrected PSMD and BOLD time-to-
peak, and C) linear relationship between uncorrected PSMD and BOLD time-to-baseline.  In B and C, 
the uncorrected PSMD values, of symptomatic D-CAA mutation carriers of whom no timing parameter 
could be calculated due to minimal BOLD response to the visual stimulus, are jittered on the right side 
of the plot, presenting the mean and standard deviation.

 Abbreviations.PSMD; Peak Width Skeletonised Mean Diff usivity. BOLD; Blood-Oxygen-Level-Dependent. 
D-CAA; Dutch-type Cerebral Amyloid Angiopathy.
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Supplementary Figure 2.  A) occipital PSMD as a function of age in the D-CAA study cohort and PSMD in 
the 1000BRAINS cohort, and B) healthy age corrected occipital PSMD as a function of age in the D-CAA 
study cohort. All graphs include linear regression trends. The standard error for the D-CAA dataset is 
indicated by the shaded error bar and for the 1000BRAINS cohort it is indicated with standard error bars 
per age group. 

Abbreviations. PSMD; Peak Width Skeletonized Mean Diff usivity. D-CAA; Dutch-type Cerebral Amyloid 
Angiopathy.
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Supplementary Figure 3.  Graphs showing the relations between occipital PSMD and BOLD; A) 
quadratic relationship between occipital PSMD and BOLD amplitude, B) linear relationship between 
occipital PSMD and BOLD time-to-peak, and C) linear relationship between occipital PSMD and BOLD 
time-to-baseline. In B and C, the occipital PSMD values, of symptomatic D-CAA mutation carriers of 
whom no timing parameter could be calculated due to minimal BOLD response to the visual stimulus, 
are jittered on the right side of the plot, presenting the mean and standard deviation. 

Abbreviations.PSMD; Peak Width Skeletonised Mean Diff usivity. BOLD; Blood-Oxygen-Level-Dependent. 
D-CAA; Dutch-type Cerebral Amyloid Angiopathy.
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