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Abstract

Cerebral vascular reactivity quantified using blood oxygen level-dependent functional

MRI in conjuncture with a visual stimulus has been proven to be a potent and early

marker for cerebral amyloid angiopathy. This work investigates the influence of differ-

ent postprocessing methods on the outcome of such vascular reactivity measure-

ments. Three methods for defining the region of interest (ROI) over which the

reactivity is measured are investigated: structural (transformed V1), functional (tem-

plate based on the activation of a subset of subjects), and percentile (11.5 cm3 most

responding voxels). Evaluation is performed both in a test–retest experiment in

healthy volunteers (N = 12), as well as in 27 Dutch-type cerebral amyloid angiopathy

patients and 33 age- and sex-matched control subjects. The results show that the

three methods select a different subset of voxels, although all three lead to similar

outcome measures in healthy subjects. However, in (severe) pathology, the percentile

method leads to higher reactivity measures than the other two, due to circular analysis

or “double dipping” by defining a subject-specific ROI based on the strongest

responses within each subject. Furthermore, while different voxels are included in the

presence of lesions, this does not necessarily result in different outcome measures. In

conclusion, to avoid bias created by the method, either a structural or a functional

method is recommended. Both of these methods provide similar reactivity measures,

although the functional ROI appears to be less reproducible between studies, because

slightly different subsets of voxels were found to be included. On the other hand, the

functional method did include fewer lesion voxels than the structural method.
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1 | INTRODUCTION

Cerebral vascular reactivity functional MRI (fMRI), the vascular response to a stimulus, is an increasingly recognized marker for several brain

diseases.1–3 One of these diseases is sporadic cerebral amyloid angiopathy (CAA), a major cause of intracerebral hemorrhages (ICHs) and cognitive

decline in the elderly.4–6 In CAA, the protein amyloid-beta accumulates in the vessel wall of leptomeningeal arteries. The current diagnosis of

CAA focuses primarily on clinical symptoms combined with hemorrhagic hallmarks on MRI.7,8 However, a multitude of ischemic processes are also

observed: there is a strong association with cortical thinning,9,10 white matter hyperintensities, microinfarcts,11 and changes in diffusion tensor

measures.12 Moreover, impaired cerebrovascular function has been proven to be an important hallmark.13–16 More specifically, in patients with

Dutch-type hereditary CAA (D-CAA, also known as hereditary cerebral hemorrhage with amyloidosis – Dutch type [or HCHWA-D]), vascular

reactivity has been found to be an early marker (i.e., already showing differences compared with age-matched controls in mutation carriers with-

out prior ICH).17 Moreover, reactivity decreased over time in (D-)CAA patients, in contrast to healthy controls.13,18,19 Therefore, vascular reactiv-

ity can be considered a promising marker to monitor CAA progression over time, for example, as an outcome measure in clinical trials.

When measuring vascular reactivity, both the readout as well as the challenge need to be chosen. Blood oxygen level-dependent (BOLD)

fMRI is considered to be a powerful readout to facilitate the quantification of vascular reactivity. The BOLD fMRI signal is, however, a very com-

plicated type of contrast, believed to be a combination of changes in oxygen consumption, regional blood flow, and regional blood volume. To

map full brain vascular reactivity with MRI, the most commonly used challenges are CO2-based approached, such as carbogen breathing or

breath-hold experiments, or less commonly administration of acetazolamide.20 Previous works in CO2-based approaches in CAA found a dimin-

ished vascular reactivity as measured by BOLD fMRI, with a stronger preference in the occipital region of the brain.21 Furthermore, while evoked

potentials remained unchanged, the BOLD response was affected in CAA patients, suggesting a more important contribution of vascular reactivity

than neuronal activity in the observed BOLD changes.22

To measure vasoreactivity in the field of CAA, most studies employ a visual stimulus and monitor the hemodynamic response to that stimulus

in the visual cortex via BOLD fMRI.13–15,17–19,23 This relatively simple approach is chosen because CAA pathology appears to have an occipital

preference, the robustness of the visual cortex’ hemodynamic response to this stimulus and the noninvasive nature of the administration of such

a stimulus. As the small penetrating arteries in the brain are affected in CAA, the changes in BOLD signal change are hypothesized as a surrogate

marker for vascular reactivity for subsequent quantification. In such fMRI experiments a region of interest (ROI) is determined containing voxels

within the activated region and, subsequently, response characteristics, such as the amplitude, time to peak, and time to baseline, are used as out-

come measures. However, little consistency exists in the literature on how to define this ROI, whereas measures like the amplitude are crucially

dependent on such a definition. Roughly two categories of ROI definitions can be discerned: anatomical and functional. Anatomical ROI defini-

tions rely on atlas-based or group-wise defined ROIs that are registered onto the BOLD-scan of a subject for extraction of the response signals.

Functional ROI definitions rely on a two-step approach: in the first step it is determined what voxels are activated by the stimulus and, subse-

quently, in the second step, the ROI is created based upon all or a subset (like the maximally activated voxels) of the activated voxels.

When considering the use of vascular reactivity as an outcome marker for clinical treatment studies in CAA24 it is important to recognize that

consistent ROI definitions are essential. When used in patients, the presence of pathology, like hemorrhages in CAA, can be expected and the

ROI definition should be able to deal with these (i.e., still provide accurate estimation of the vascular reactivity markers). This might limit the

potential of atlas-based ROI definitions, especially when taking into account that activated regions may be shifted outside of the area defined by

an atlas that is constructed based on the data of healthy subjects. However, functional definitions might be affected by circular analysis, or “dou-
ble dipping”, especially when the ROI is defined at the individual level: first the level of activation is determined, and subsequently the amplitude

(or timing) of the maximally (or significantly) affected voxels is determined (i.e., selection of voxels is directly or indirectly based upon the outcome

marker one is interested in).

In this work three methods for ROI definition and the influence of this definition on outcome markers are investigated. Evaluation is carried

out by four experiments with the first three performed on a reproducibility dataset in healthy volunteers and the last performed in pres-

ymptomatic and symptomatic D-CAA patients. In the first experiment, the ROIs resulting from each of the methods were compared in volume

and overlap (described in subsection 2.5.1). In the second experiment, the outcome measures generated by each of the ROIs were compared

(described in subsection 2.5.2). In the third experiment, the effects on reproducibility of ROI generation and outcome measures were compared

(described in subsection 2.5.3). And in the fourth experiment, the impact of the presence of lesions within the visual cortex was investigated for

the different approaches (described in subsection 2.5.4).

2 | METHODS

To fully explore all of the aforementioned aspects two distinct datasets were analyzed: one dataset with DNA-proven D-CAA mutation carriers

and age- and sex-matched control subjects, in which the influence of pathology was studied; and one with strictly healthy participants who were

scanned twice, with �3 weeks between sessions, to allow assessment of reproducibility.18 The D-CAA patient-control dataset was acquired with
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the same scan parameters and on the same MR scanner as used for the healthy subjects. This D-CAA dataset has been previously described and

was acquired as part of the study Early Detection of Angiopathy Network (EDAN).17 Patient characteristics are summarized in Table 1. Informed

consent was obtained from all participants of both cohorts. In line with institutional review board (IRB) regulations, formal IRB approval was

waived for the cohort of healthy participants, and study protocols for the D-CAA patient-control dataset were approved by the local IRB.

2.1 | MRI acquisition

All participants were scanned on a whole-body Philips Achieva 3-T MRI system (Best, The Netherlands) using a 32-channel head coil. Structural

3D T1-weighted (T1-W) images (echo time [TE] 4.6 ms, repetition time [TR] 9 ms, flip angle 8�, field of view [FOV] = 224 � 177 � 168 mm, scan

duration �5 min); a 3D T2*-weighted image with a TE/TR of 31/45 ms, FOV 250 x 175 x 112 mm, matrix 320 x 317, 114 slices, and scan dura-

tion of 155 s; and BOLD fMRI scans were acquired with a TE/TR of 31/1499 ms, FOV 220 � 220 � 75 mm, matrix 80 � 80, 25 slices,

130 dynamics, scan duration 201 s repeated three times. The visual stimulus consisted of 12 blocks of an 8-Hz flashing radial black-and-white

checkerboard pattern for 20 s alternated with 28 s of a fixed gray screen as the rest condition.14,17

2.2 | Preprocessing

2.2.1 | Anatomical scans

Anatomical scans were processed using tools available in FSL v. 6.0 (FMRIB's Software Library, www.fmrib.ox.ac.uk/fsl). First, nonbrain tissue was

removed using the Brain Extraction Tool (BET). The T1-W scans were segmented using FMIRB's Automated Segmentation Tool (FAST)25 and the

white matter borders were used for a boundary-based linear coregistration with the fMRI scans26 as contained in FLIRT.27,28 Then the structural

scans were registered to the standard MNI152 template contained in FSL (MNI152NLIN6Asym) using first linear (FLIRT27,28) and subsequently

nonlinear registration (FNIRT29). The inverses of these matrices were later applied to transform atlases to the participant's T1-W and subse-

quently to their fMRI scans.

2.2.2 | Functional scans

FMRI data processing was carried out using FEAT (the FMRI Expert Analysis Tool) version 6.00, which is part of FSL. The following prestatistics

processing were applied: motion correction using MCFLIRT27; slice-timing correction using Fourier-space time-series phase-shifting; nonbrain

removal using BET30; spatial smoothing using a Gaussian kernel of full width at half maximum 3.0 mm; grand-mean intensity normalization of the

entire 4D dataset by a single multiplicative factor; and high-pass temporal filtering (Gaussian-weighted least-squares straight line fitting, with

sigma = 24.0 s). To investigate the possible presence of unexpected artefacts or activation, independent component analysis-based exploratory

data analysis was carried out using MELODIC.31 The statistical analysis of the time-series was carried out using FILM with local autocorrelation

correction.32 The obtained z-statistic map was used for further analysis.

2.3 | ROI determination

To investigate the impact of ROI determination on outcome measures, three previously proposed approaches were compared, each of which is

described below.

TABLE 1 Participant characteristics

HEALTHY

CLINICAL STUDY (EDAN)

PRESYMPTOMATIC SYMPTOMATIC CONTROLS

Age (years) 42 ± 12 34 ± 12 55 ± 5 46 ± 14

Sex

Men 10 (83%) 3 (25%) 7 (47%) 13 (39%)

Women 2 (17%) 9 (75%) 8 (53%) 20 (61%)

Abbreviation: EDAN, Early Detection Angiopathy Network.

van HARTEN ET AL. 3 of 11
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2.3.1 | “Structural” ROI

One way of defining the ROI over which the hemodynamic response is averaged is to transform the standardized atlas of the visual cortex to the

subject's fMRI space. A previous study applied this method of deriving an ROI as a secondary analysis.13 From the Juelich atlas,33 the V1 visual

cortex was selected and transformed from MNI to structural space and subsequently to functional space using the linear and nonlinear transfor-

mations from the earlier described registration.26–29 This method is referred to as the “structural” method.

2.3.2 | Group-based “functional” ROI

In other studies, a group-based functional ROI was determined based on group-based activation in a subset of the participants.14,17 In short, z-

statistic maps of the included participants were transformed to a standard cortical ribbon (fsaverage from FreeSurfer).34 Mean activation was

determined using a one-sample group mean GLM and a contiguous region of activation was created by applying an uncorrected significance

threshold of p less than 0.001. This ROI was then transformed back to the individual fMRI spaces. The procedure is described in detail in Dumas

et al.14 In our study, for each dataset we generated a separate functional ROI: for the first datasets (healthy subjects) two separate functional ROIs

were created for the first and second visit; for the second (EDAN) dataset, a single functional ROI was created based on the first eight D-CAA

mutation carriers and their eight age- and sex-matched control subjects, resulting in a template based on 16 participants. This method will be

referred to as the “functional” method.

2.3.3 | Activation ROI: “percentile” of z-statistics map

The third proposed method selects an individual ROI based on the participant's z-statistic map.13,18,19,35 For each individual, the top percentile or

predetermined volume of voxels with the highest z-score is selected as the ROI. In this study, we included a region with a volume of 11.5 cm3,

containing the 503 most active voxels.13 This method is referred to as the “percentile” method.

2.4 | Hemodynamic response function models

A further consideration is the hemodynamic response function (HRF), or basis function, to be convoluted with the stimulus profile in the analy-

sis.23 Using different HRF models as the basis function may yield different results in the functional- and activation-based approaches. Therefore,

both a gamma and an “optimal” HRF generated by FSL's FMRIB Linear Optimal Basis Sets (FLOBS) are investigated in this study.36 Results of

these analyses are presented in the supporting information. When not mentioned explicitly, data were analyzed with the gamma HRF.

2.5 | Comparing ROI methods

The three approaches for defining the ROI were compared both at the ROI level (i.e., overlap and total volume of the ROI), as well as at the out-

come level (amplitude and timing parameters of the BOLD response). First, ROIs were generated using the aforementioned methods for all sub-

jects. 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 the ROI and converting to BOLD percentage signal change using the time-course average as baseline value, then aver-

aging across all stimulus blocks. The block responses were subsequently fitted to a trapezoidal function defined by three parameters: the time to

reach peak (TTP) response, the response amplitude (AMP), and the time to return to baseline (TTB) using a previously described fitting

algorithm.14,17

2.5.1 | Comparison at the ROI level

To assess to what extent the three approaches result in a similar ROI, the Dice coefficient (see Equation 1: area of the overlapping voxels divided

by the sum of the areas of both ROIs) was assessed between all ROIs37:

Dice¼2� jROImethod 1j\ jROImethod 2jð Þ
jROImethod 1jþ jROImethod 2j ð1Þ

4 of 11 van HARTEN ET AL.
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2.5.2 | Comparison at the outcome level

Subsequently, the approaches were compared by testing the impact of the ROI selection on the ROI-averaged primary outcome measures (TTP,

TTB, and AMP) using correlation and Bland–Altman plots. Group differences were assessed using a regression model, adjusting for age and sex,

between presymptomatic mutation carriers and controls, as well as between symptomatic mutation carriers and controls.

2.5.3 | Comparison of reproducibility

The datasets of healthy participants were tested for reproducibility of both the ROIs and outcome measures. Intrasubject intersession ROIs were

tested for each method using the Dice coefficient, and outcome measures were tested for reproducibility by calculating the Pearson correlation

between sessions.38

2.5.4 | Assessment of the influence of lesions

As already mentioned, a complicating matter when measuring the vascular response in neurovascular patients is the presence of pathological tis-

sue and imaging artifacts due to cerebral hemorrhages. It is important to note is that these are much more prevalent in D-CAA than in sporadic

CAA patients and different studies deal with them differently. Some opt, for example, to disregard the complete hemisphere when an ICH is pre-

sent, while others exclude ICHs based on manual delineation of lesions. To test the influence of the presence of lesions, a similar approach as

described in Dumas et al.14 (described in detail in their supplemental material) was used: the BOLD scans were coregistered with T2*-weighted

images and hemorrhagic lesions were manually masked out on the BOLD scan by an experienced rater (E.K., 5 years of experience); furthermore,

these masks were isotropically dilated by 7 mm to provide more rigorous masks. All voxels within these masks were then subsequently excluded

from the secondary analysis. Relative remaining volumes were determined both when excluding only voxels with presence of hemosiderin, as well

as with the dilated lesion mask. Outcome measures were assessed again for all participants.

3 | RESULTS

3.1 | Comparison at the ROI level

Visual inspection showed that the different methods resulted in different ROI selections, with the biggest difference in the number of voxels

included, whereas for all methods most of the selected voxels were located in the occipital lobe, as expected for a visual paradigm (Figure 1).

However, in symptomatic patients, many spurious voxels were observed, spread throughout the whole brain, when ROI selection was based upon

the percentile method (an example is shown in Figure 1L). An example of the effect of using a different HRF is shown in Figure S1. When quanti-

fied using the Dice coefficient, it became clear that the three methods resulted in quite different selections (Table 2). The highest Dice coefficient

(with a maximum value of 0.255 in the healthy cohort) was found between the ROIs based on the group-based functional activations and the

ROIs with the highest 11.5 cm3 responding voxels of the z-statistic map. The overlap between the ROIs of the different methods was smaller in

the dataset of the clinical study compared with the dataset of healthy subjects.

3.2 | Comparison at the outcome level

Our analysis of the data from the clinical EDAN study is provided in Figure 2, showing that the ROI-selection method would have impacted the

conclusion from a between-group comparison. In particular, when using the percentile method, no difference between the younger and older con-

trol participants was observed, whereas for the other two methods the older control subjects showed a smaller amplitude. Moreover, a clearer

response was observed for the percentile method in the symptomatic patients than for the other two methods (Figure 2). Mean group BOLD

responses when using a different HRF are shown in Figure S2.

Figure 3 shows two Bland–Altman plots illustrating two typical findings as also observed in many of the other Bland–Altman plots (all the

Bland–Altman plots can be found in Figure S3). First, a large variation in differences in timing parameters was observed for higher values of the

timing parameters, especially between the structural and functional methods (the right part of the Bland–Altman plot). Second, a proportional

error with significant bias was found when the amplitude outcome measure of the percentile ROI method was compared with either the func-

tional or structural method. Furthermore, group averages for outcome measures are shown in Table 3; differences between mutation carriers and

control subjects were assessed with a regression model, adjusting for age and sex. While trends appear to be relatively stable between the
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structural and functional methods, TTP in particular seems to yield different results when using the percentile method: the presymptomatic group

is no longer significantly different from control participants, and symptomatic patients have a TTP much closer to control subjects as well.

3.3 | Comparison of reproducibility

When comparing the outcome measures on vascular reactivity between two repeated measurements (�3 weeks apart), good reproducibility was

found for all three ROI-selection approaches; see Table 4, which shows the Pearson correlation coefficients and p values. When comparing the

three outcome measures, TTB was less reproducible than the other two outcome measures. When comparing the three ROI-selection methods,

the functional ROI approach performed slightly poorer than the other two methods (Table 4).

3.4 | Assessment of the influence of lesions

Figure 4 shows an example of a patient with a hemorrhage in the visual cortex. All three ROI selection algorithms resulted in inclusion of voxels

located within the hemorrhagic lesion, which was outlined on a coregistered susceptibility-weighted image (SWI) sequence. While the functional

and structural methods showed a similar number of voxels within the ICH (15.7% and 17.1%, respectively), the ROI obtained by the percentile

method contained fewer voxels within or near the lesions. The fraction of voxels remaining after exclusion of hemorrhagic lesions and when using

a dilated lesion mask is shown in Figure S4.

At group level, the exclusion of hemorrhagic voxels, both with and without dilation of the ROIs, appears to have only a minor impact upon

outcome measures.

F IGURE 1 ROIs as determined by the different methods: the first row (A-D) shows the structural method based on the registration of an
atlas-based V1 ROI to the subject-space; the second row (E-H) depicts the functional ROI based upon an group-averaged activation map, and the
final row (I-L) shows the percentile method that selects for each subject the strongest responding voxels up to an ROI volume of 11.5 cm3. The
first column (A,E,I) shows the first visit of a healthy subject, the second column (B,F,J) the second visit of the same healthy subject, the third
column (C,G,K) shows a control subject of the EDAN study, and the final column (D,H,L) shows a symptomatic D-CAA mutation carrier. Clear
differences can be observed between the ROIs selected by the different methods. Furthermore, it can be seen that, within the symptomatic
mutation carrier, some methods include voxels in the ROI that are located within the ICH, and that with the z-statistic–based approach a more
random pattern is obtained for the ROI, including many voxels not located within the occipital lobe. An example of the effect of using a different
HRF is shown in Figure S1. D-CAA, Dutch-type cerebral amyloid angiopathy; EDAN, Early Detection Angiopathy Network; HRF, hemodynamic
response function; ICH, intracerebral hemorrhage; ROI, region of interest

TABLE 2 Dice coefficient showing the overlap between ROIs obtained by different methods. All methods have a low level of overlapping
voxels with one another

Healthy Clinical study (EDAN)

STRUCTURAL FUNCTIONAL PERCENTILE STRUCTURAL FUNCTIONAL PERCENTILE

structural - 0.177 ± 0.031 0.184 ± 0.040 - 0.190 ± 0.061 0.156 ± 0.066

functional 0.177 ± 0.031 - 0.255 ± 0.035 0.190 ± 0.061 - 0.196 ± 0.070

percentile 0.184 ± 0.040 0.255 ± 0.035 - 0.156 ± 0.066 0.196 ± 0.070 -

Abbreviations: EDAN, Early Detection Angiopathy Network; ROI, region of interest.
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4 | DISCUSSION

The findings of this study confirm that different ROI-selection approaches for calculating visual task-based vascular reactivity significantly affect

the outcome: we showed that this results in different voxels included for analysis, that the inclusion of these voxels leads to different outcome

measures, that it can affect trends as observed in group analyses, and that the impact of pathology on these outcome measures differs between

the approaches.

When applying three previously proposed postprocessing methods, different ROIs are selected with only very moderate Dice overlap scores

between them. This would not per definition lead to differences in outcome measures: for example, if these subsets of voxels are in fact part of a

larger region with a similar response to the stimulus, one would still obtain similar outcome measures. However, this work showed that the differ-

ent ROIs not only have little overlap, they also lead to differences in outcome measures (see Table 3). Furthermore, whereas all three methods

also selected voxels within hemorrhagic lesions, as identified on a SWI, the impact of this as measured by the percentage of selected voxels within

or just outside the ICH-mask was much lower for one approach, the percentile method, compared with the other two methods. However, exclu-

sion of ICH-voxels from the ROIs only had a small effect on the outcome measures.

These findings point to a dependency on the ROI-selection approach, but it is more difficult to decide on the best approach. Visual inspection

of the ROIs selected in symptomatic D-CAA patients by the percentile method points to the intrinsic vulnerability of the approach towards circu-

lar analysis, or double dipping. In these symptomatic D-CAA patients, the vascular response to a visual stimulus as measured by BOLD is very low,

or on average even close to being absent.17 Because of this almost absence of a BOLD response in the visual cortex, selection of voxels with the

highest z-score resulted in the inclusion of many voxels outside of the occipital cortex, which probably by chance showed some correlation with

the stimulus. While these voxels are very low in their z-score, the probability that the signal fluctuation found in these voxels is representative of

F IGURE 2 Group averages (solid lines) and standard error of the mean (dashed lines) when applying the different methods for the ROI
definition over which the BOLD response upon visual stimulation is determined. In order (left to right, top to bottom): the different methods for
ROI definition, respectively, structural, functional, and percentile. The blue curves show the average response in presymptomatic D-CAA patients
(N = 12), the yellow curves show the averaged response in control subjects age-matched with the presymptomatic D-CAA carriers, the red
curves show the response of symptomatic patients, and the green curves show the control subjects age-matched with the symptomatic D-CAA
carriers. The structural and functional methods yield similar results, whereas the percentile method fails to pick up differences between young
and old control subjects. Moreover, the amplitude of all curves of the percentile method is higher compared with the other two ROI-selection
approaches and a more pronounced response is found in symptomatic D-CAA patients. BOLD, blood oxygen level-dependent; D-CAA, Dutch-
type cerebral amyloid angiopathy; ROI, region of interest
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a true vascular response to the visual stimulus is rather small. This can also be deduced from the fact that some of these voxels are even found in

regions where no vessel or brain tissue is present (e.g., inside the lateral ventricles; Figure 1L). Therefore, it can be assumed that mainly voxels are

included with a similar pattern in the noise/artifact profile rather than voxels with a true vascular response. When averaging these voxels, a trend

towards a response can be deduced from the data, simply because we selected noise voxels correlating mildly with the stimulus paradigm: a clear

example of a double-dipping error and inclusion bias. The fact that this method appears to also change average group measures leads to a note of

caution when applying this method in patients with severely disturbed vascular reactivity (see the supplementary data in the supporting informa-

tion). Even although this approach is very robust against the presence of lesions (i.e., it selected the lowest percentage of voxels from within the

ICH regions; e.g., Figure S4), we would only advise the use of this approach in populations with normal or only relatively mildly impaired vascular

F IGURE 3 Two example Bland–Altman plots comparing different ROI selection approaches and their influence on the different outcome
parameters. All the other Bland–Altman plots are shown in Figure S3. The left plot shows how comparable the TTB is when using the structural or
functional method. The right plot compares the influence of ROI selection (percentile vs. functional method) on the amplitude of the visual
reactivity. All Bland–Altman plots have been calculated on the data of the clinical study on D-CAA. Two main observations can be made. First, the
variation between the TTB obtained with the structural and functional methods is highly dependent on the magnitude of the TTB, showing
increased discordance between the methods for higher TTB values (left plot). Second, for the amplitude parameter, a proportional error in
combination with significant bias can be observed (right plot) when comparing the percentile with the functional method. D-CAA, Dutch-type
cerebral amyloid angiopathy; ROI, region of interest; TTB, time to baseline

TABLE 3 Mean time to peak, time to baseline, and amplitude outcome measures for each method, for presymptomatic mutation carriers,
symptomatic mutation carriers, and control subjects. In brackets, the beta coefficient is reported. All values are reported with standard deviation,
significantly different from control subjects at *p < 0.05, **p < 0.01, ***p < 0.001; x indicates a significant result when correcting for multiple
comparison using Bonferroni

STRUCTURAL FUNCTIONAL PERCENTILE

Time to peak Controls 4.95 ± 1.94 4.70 ± 1.62 6.29 ± 2.07

Presymptomatic 9.83 ± 8.39 (0.505)**,x 8.68 ± 7.54 (0.461)**,x 7.16 ± 1.59 (0.194)

Symptomatic 17.57 ± 10.48 (0.743)***,x 26.64 ± 14.54 (0.821)***,x 7.70 ± 2.81 (0.337)*

Time to baseline Controls 7.23 ± 1.78 7.02 ± 2.10 8.27 ± 1.69

Presymptomatic 10.69 ± 7.51 (0.462)**,x 10.25 ± 6.39 (0.393)* 9.60 ± 3.60 (0.362)**,x

Symptomatic 18.47 ± 4.30 (0.907)***,x 20.94 ± 4.84 (0.900)***,x 16.85 ± 4.53 (0.798)***,x

Amplitude Controls 2.37 ± 0.612 2.50 ± 0.53 5.84 ± 1.21

Presymptomatic 1.87 ± 1.07 (�0.521)***,x 1.22 ± 0.49 (�0.559)***,x 4.94 ± 2.60 (�0.465)**,x

Symptomatic 0.42 ± 0.23 (�0.757)***,x 0.33 ± 0.25 (�0.810)***,x 0.63 ± 0.18 (�0.799)***,x

TABLE 4 Pearson correlation between the two visits of the healthy participants for each method and each outcome measure. Pearson
coefficients and p values are displayed with the highest Pearson coefficient depicted in bold

Time to peak Time to baseline Amplitude

Pearson p value Pearson p value Pearson p value

STRUCTURAL 0.737 0.006 0.623 0.030 0.801 0.002

FUNCTIONAL 0.726 0.007 0.486 0.109 0.796 0.002

PERCENTILE 0.648 0.023 0.680 0.015 0.855 0.000
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responses and thus not in symptomatic D-CAA patients. Furthermore, one could argue that an improved selection algorithm could easily be pro-

posed by adding a constraint that only voxels in predetermined (posterior) parts of the brain are included. One would expect that such a hybrid

method would also yield hybrid results, that is, a less pronounced hemodynamic response in mutation carriers than without such constraints, but

more pronounced than the other methods. For this study, we decided to only include selection criteria that have been applied before, but hope

that the results will stimulate proposals of new methods.

While for the structural and functional ROI determination the shape of the HRF has no to little impact, respectively, on the final results, there

may be different voxels included when a different HRF is applied to the percentile approach. For example, we did notice a more visual cortex-

based distribution in some (but not all) symptomatic D-CAA patients when using a different HRF (Figure SS1). At a group level this did not lead to

different results. However, further research should be conducted on how and why the HRF of these patients is changed.23

Another note of caution is related to the influence of the ROI-selection procedure on the more extreme values of outcome measures. From

the increased variance in the Bland–Altman plots for delayed timings (see, e.g., the right panel of Figure 3), it is clear that the selection process

especially influences these measurements. Because of the very low response measured in the most affected patients, on one hand it becomes

more arbitrary about which voxels to include, while on the other hand the inclusion of voxels with some response will have a more prominent

influence on the mean shape of the response. In such cases, the fitted trapezoid may no longer be a good reflection of the real response, and

whereas the amplitude might still reflect a correct measure (i.e., a small response), the timing parameters of the trapezoid may no longer be

reflecting the true onset and recovery timings of the vascular response. Further research is needed into how to deal with such data. For example,

abstaining from calculation of timing parameters for subjects in whom the amplitude of the response is below a certain threshold is one possible

solution, whereas using a ceiling value on the timing parameters could be another.

Finally, it should be considered how to deal with pathology in patient studies. This is especially relevant in CAA patients, because ICH in the

occipital lobe is a hallmark of the disease. In a previous study in sporadic CAA patients, a subanalysis was applied to exclude ICHs from the ROIs:

a mask containing hemorrhagic lesions was made by an experienced observer based on a coregistered T2*-weighted sequence.14 This mask was

subsequently dilated and those voxels were excluded from the secondary analysis. The exclusion of ICH-affected voxels was found to have little

influence on the outcome markers. Another solution is the exclusion of the complete hemisphere from analysis when an ICH is present. Because

ICH is even more prevalent in D-CAA compared with sporadic CAA, we did not exclude hemispheres in this study, nor in previous publications

with this dataset.17 In our study we found differences in included voxels, at times ranging up to a reduction of up to 80% when using a dilated

lesion mask. The number of voxels excluded by this method was smallest in the percentile method, as the chance that voxels in a hypointense

region correlate with the visual stimulus paradigm is small. However, the impact on outcome measures was not significant. Furthermore, it should

be noted that the processing time for the functional ROI approach was found to be much longer than for the other two methods, especially in the

presence of cortical ICH, as each subject had to be processed by FreeSurfer.

There are some limitations to this study that need to be considered. First, we did not correct for confounding factors on the BOLD response

such as heart rate and breathing that may influence the BOLD signal.39,40 Furthermore, there were no instructions for participants regarding diet,

caffeine use, or other habits that may impact their vascular response. Another limitation is that the group-based functional method is based on a

subset of the participants, as was done previously.14,17 This might have introduced a bias in the analysis. We did investigate whether using the sec-

ond visit of the healthy participants or a different set of mutation carriers/healthy subjects would have led to significantly different ROIs. We

observed a Dice coefficient of 0.75 for both experiments (data not shown), showing a large overlap and thus little influence on the ROI

selection. Lastly, this study only looked at the effect of postprocessing. Different acquisition parameters, MRI hardware, paradigms, and trapezoidal

fitting may also lead to different results. The strengths of our study are that the differences between currently applied models in this field of

F IGURE 4 The bar graphs indicate the mean fraction of voxels remaining after excluding voxels within the ICH or after dilating the ICH
segmentation with a 7-mm isotropic kernel. Error bars indicate standard deviation. For this graph only subjects who had one or more voxels were
included. ICH, intracerebral hemorrhage
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research were not only tested in healthy subjects, but also in patients with different levels of vascular impairment. With the increasingly recognized

importance of vascular reactivity measures in CAA research, our study aids in making informed choices on what approach to apply in future studies.

Our findings are limited to D-CAA patients, who have a much broader range of pathology than sporadic CAA patients, including the complete

spectrum of presymptomatic patients up to patients with very severe pathology. Sporadic CAA patients are most frequently only diagnosed after

entering the symptomatic phase, while frequently exhibiting a less severe form of pathology. On the other hand, sporadic CAA patients are on

average older than the participants in our cohort, which may lead to additional confounding factors. However, in histopathology, as well as radio-

logically, the two are considered similar.41,42 Furthermore, when we compare vascular reactivity findings from D-CAA cohorts17 with findings

from sporadic CAA patients,13,14 very similar changes can be observed. Therefore, we feel confident that the findings of this study on optimal

postprocessing strategies can be directly translated to sporadic CAA.

Finally, it is important to recognize that these findings are not only relevant for studying neurovascular functioning in CAA, but also for other

brain diseases, such as Alzheimer's disease, Huntington's disease, and CADASIL.35,43,44 With this broader application of such measures, it is

increasingly important to create a more homogeneous approach for defining the ROI when performing these measurements.

In conclusion, to avoid the issue of circular analysis (double dipping), a transformed structural method or a functional method is recommended

for neurovascular reactivity measurements. Both these methods appear to give similar results, with the structural method being more reproduc-

ible, whereas the functional method is more robust in the presence of hemorrhagic lesions in the occipital lobe. The poorer reproducibility of the

functional method might be explained by interstudy changes of the mean activation mask, whereas a functional atlas exploits the same mask for

all studies.
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