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a b s t r a c t 

The vascular and neurodegenerative processes related to clinical dementia cause cell loss which induces, 

amongst others, an increase in interstitial fluid (ISF). 

We assessed microvascular, parenchymal integrity, and a proxy of ISF volume alterations with intravoxel 

incoherent motion imaging in 21 healthy controls and 53 memory clinic patients – mainly affected by 

neurodegeneration (mild cognitive impairment, Alzheimer’s disease dementia), vascular pathology (vas- 

cular cognitive impairment), and presumed to be without significant pathology (subjective cognitive de- 

cline). 

The microstructural components were quantified with spectral analysis using a non-negative least squares 

method. Linear regression was employed to investigate associations of these components with hippocam- 

pal and white matter hyperintensity (WMH) volumes. In the normal appearing white matter, a large f int 

(a proxy of ISF volume) was associated with a large WMH volume and low hippocampal volume. Like- 

wise, a large f int value was associated with a lower hippocampal volume in the hippocampi. 

Large ISF volume ( f int ) was shown to be a prominent factor associated with both WMHs and neurode- 

generative abnormalities in memory clinic patients and is argued to play a potential role in impaired 

glymphatic functioning. 

© 2021 The Author(s). Published by Elsevier Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 

 

 

 

 

 

 

 

 

 

 

 

1. Introduction 

The clinical diagnosis of mixed type dementia assumes a spec-

trum, ranging from cognitive impairment primarily influenced by

vascular pathology on one side, to Alzheimer’s disease (AD) de-

mentia mainly defined by neurodegeneration on the other side

( Emrani et al., 2020 ). Both vascular and AD-related neurodegen-
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erative processes induce brain tissue damage that is responsible

for the development of clinical dementia ( van der Flier et al.,

2018 ). These pathologies are associated with underlying processes

such as inflammation and edema, which ultimately lead to cell

loss, causing amongst others, an increase in interstitial fluid (ISF)

( Abbott, 2004 ; Weller, 1998 ). 

Although many MRI biomarkers have been identified as a

proxy specifically for vascular alterations ( Rosenberg et al., 2016 ;

Wardlaw et al., 2013 ) or neurodegeneration ( Choi et al., 2019 ;

Dickerson et al., 2009 ; Moodley and Chan, 2014 ; Scheltens et al.,

1992 ), few non-invasive MRI measures are sensitive and specific

for ISF changes due to cellular alterations. 
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Intravoxel incoherent motion (IVIM) provides the opportu-

nity to estimate diffusion components on a microscopic level

( Le Bihan et al., 1986 ). Traditionally, the bi-exponential model is

used to quantify two microstructural components from the IVIM

signal: the microvascular pseudodiffusion and parenchymal diffu-

sion ( Le Bihan et al., 1988 ; Le Bihan et al., 1986 ). The microvascular

pseudodiffusion ( D mv ) represents microvascular blood flow within

capillaries that approximates a diffusion process, which can sub-

sequently be measured with diffusion imaging. The parenchymal

diffusion ( D par ) represents the motion of water molecules within

tissue and generally has a lower speed and amplitude ( Le Bihan

et al., 1988 ). 

The spectral analysis using the non-negative least squares

(NNLS) method lays no constraints on the number of microscopic

components that can be estimated by the model and has re-

cently been used to identify a novel, intermediate diffusion com-

ponent between the two traditional microstructural components

( De Luca et al., 2018 ; Keil et al., 2017 ; Whittall and MacKay, 1989 ;

Wong et al., 2019 ). The amplitude of this intermediate component

has been previously suggested as a proxy for (increased) ISF vol-

ume ( Wong et al., 2019 ). Thereby, IVIM allows for simultaneous

investigation of the microvasculature, parenchymal microstructure,

and ISF volume. 

ISF plays a prominent role in the glymphatic system, a waste-

clearance system which has previously been brought in relation to

both neurodegeneration and vascular alterations in memory clinic

patients ( Jessen et al., 2015 ; Mestre et al., 2017 ; Rasmussen et al.,

2018 ; Rivera-Rivera et al., 2017 ). The ability to non-invasively mea-

sure ISF volume using spectral analysis, enables further exploration

of pathologies associated with glymphatic impairment. 

The current study aimed to investigate associations between

microscopic diffusion and perfusion components and macroscopic

MRI markers of neurodegenerative (i.e., hippocampal atrophy) and

vascular (i.e., white matter hyperintensity (WMH) volume) pathol-

ogy in a memory clinic sample. The applicability of IVIM will be

investigated in a memory clinic sample with various degrees of

vascular and neurodegenerative pathology. This study simultane-

ously investigates the microstructure and microvasculature with

IVIM in memory clinic patients and healthy controls, covering

the whole spectrum of vascular and neurodegenerative pathol-

ogy, including individuals assumed to be mainly affected by neu-

rodegeneration (mild cognitive impairment, AD dementia), vascular

pathology (vascular cognitive impairment) and presumed to be

without significant pathology (subjective cognitive decline and

healthy controls). 

We hypothesize that vascular pathology in terms of white mat-

ter hyperintensity volume is associated with increased ISF vol-

ume, microvascular changes and decreased parenchymal integrity

in the NAWM, a region strongly influenced by vascular processes

( Rosenberg, 2009 ). Furthermore, decreased hippocampal parenchy-

mal integrity and increased ISF volume are foreseen to relate

to neurodegeneration in terms of a reduced hippocampal vol-

ume ( Moodley and Chan, 2014 ). The intermediate component is

thought to be a proxy for ISF increases due to cellular alterations,

and therefore is expected to be associated with both macrostruc-

tural vascular (WMH volume) and neurodegenerative markers (hip-

pocampal volume) in the NAWM and hippocampi, respectively. 

2. Methods 

2.2. Participants 

To obtain representative variation in WMH volume and hip-

pocampal volume across the spectrum from normal cognition to

dementia, cognitively normal older individuals as well as memory
clinic patients with various degrees of cognitive impairment were

included in this study ( Freeze et al., 2019 ). Neurodegenerative and

vascular influences can be viewed as pathological dimensions with

arbitrary cut-offs, which in reality show an overlap. Pure vascu-

lar dementia (dementia caused solely by vascular pathology) or

pure AD dementia (solely caused by AD pathology) are uncom-

mon in clinical practice ( Emrani et al., 2020 ; van der Flier et al.,

2018 ). Therefore, we chose to analyze the memory clinic cohort as

a whole, and not separately based on clinical diagnosis. 

Patients were recruited at Maastricht University Medical Cen-

ter and Zuyderland Medical Center. Inclusion criteria for patients

were a clinical diagnosis of either subjective cognitive decline

(SCD) ( Jessen et al., 2014 ), vascular cognitive impairment (VCI),

mild cognitive impairment (MCI) ( Petersen, 2004 ) or clinical AD

dementia ( McKhann et al., 2011 ), and mini-mental state exami-

nation (MMSE) score ≥ 20. Individuals were diagnosed with SCD

when self-experienced cognitive decline was reported in compar-

ison with a previously normal status and unrelated to an acute

event, but no objective cognitive impairment was detected on any

of the neuropsychological tests ( Jessen et al., 2014 ). Individuals

were diagnosed with either MCI or VCI – dependent on the ex-

pected cause – when concern about cognitive functioning was re-

ported by the patient or an informant, cognitive impairment was

detected on at least one cognitive domain, and dementia was ab-

sent ( Petersen, 2004 ). Individuals were diagnosed with AD demen-

tia if they met the NIA-AA core clinical criteria for AD dementia

( McKhann et al., 2011 ). 

Control participants were recruited through means of advertise-

ment in the local newspaper and online advertisement. Cognitively

healthy controls had not visited a memory clinic previously, did

not have any cognitive complaints or impairment in memory per-

formance and had a MMSE score ≥ 27. 

All participants were aged ≥ 55 years and did not show any

structural abnormalities on MRI, nor had experienced recent (i.e.,

< 3 months before inclusion) ischemic or haemorrhagic stroke.

Further details on inclusion and exclusion criteria are described in

Freeze et al. (2019) . 

2.3. Standard protocol approvals, registrations, and patient consents 

Written informed consent was obtained from all participants

prior to inclusion. The study protocol was approved by the Medi-

cal Ethics Review commission azM / UM (METC) in Maastricht, fol-

lowed the ethical guidelines of the Dutch Medical Research Involv-

ing Human Subjects Act (WMO) and was in line with the Helsinki

Declaration of Human Rights. This study was registered at Clinical-

Trials.gov (Identifier: NCT02018913; date of registration: December

13, 2013). 

2.4. MRI acquisition 

All participants underwent a MRI protocol on the same 3.0 Tesla

scanner with a 32-channel head coil (Philips, Achieva TX; Philips

Healthcare, Best, the Netherlands), as previously described in more

detail ( Freeze et al., 2019 ). 

Diffusion MR images were acquired using multi-slice single-

shot spin-echo echo planar imaging sequence (repetition time (TR)

/ echo time (TE) = 6800/84 ms; matrix = 112 × 112 × 58;

pixel size = 2.4 × 2.4 mm, transverse slice thickness = 2.4 mm)

( Wong et al., 2018 ), with cerebrospinal fluid suppression (inversion

time (TI) = 2230 ms). In addition to a non-sensitive b -value of 0

s/mm 

2 , fourteen diffusion sensitive b -values were employed ( b = 5,

7, 10, 15, 20, 30, 40, 50, 60, 100, 200, 400, 700 and 1000 s/mm 

2 ) in

three orthogonal directions. Total acquisition time for IVIM imag-

ing was 14 minutes. 
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A T 1 -weighted sequence (TR / TI / TE = 8 / 800 / 4 ms; field of

view 256 × 256 × 160 mm 

3 ; 1.0 mm cubic voxel) was performed

to image the anatomy of the cerebrum. To visualize WMHs, a T 2 -

weighted fluid-attenuated inversion recovery sequence (TR / TI /

TE = 4800 / 1650 / 290 ms; field of view 250 × 256 × 180 mm 

3 ;

1.0 mm cubic voxel; no slice gap) was used. 

2.5. Image processing 

Trace images were determined by calculating the average of

all three diffusion-sensitive directions and corrected for head dis-

placements, eddy current, and echo planar imaging distortions (Ex-

ploreDTI version 4.8.4) ( Leemans et al., 2009 ). Resulting images

were smoothed with a Gaussian kernel with a full width at half

maximum of 3 mm (FSL version 6.0.1) ( Jenkinson et al., 2012 ). 

Anatomical T 1 images were automatically segmented

(FreeSurfer version 5.1.0), with visual inspection and manual

adjustment when required ( Fischl, 2012 ). WMHs were delin-

eated on the fluid-attenuated inversion recovery images using an

in-house developed segmentation tool ( Jacobs et al., 2014 ) and

manually checked, as previously described ( Freeze et al., 2019 ).

From the segmented images, estimated intracranial volume (ICV),

a normal appearing white matter (NAWM) mask, a hippocampi

mask (bilateral), and the hippocampal volume (bilateral) were

determined. As regions of interest, the hippocampi were cho-

sen considering their prominent influence by neurodegeneration

( Fox et al., 1996 ; Moodley and Chan, 2014 ), and the total NAWM

due to its strong influence by vascular processes (resulting in

lesions such as WMHs) ( Rosenberg, 2009 ). Both the hippocampi

and NAWM mask were coregistered and spatially down sampled

to native IVIM space via the T 1 anatomical images (FLIRT, FSL)

( Jenkinson et al., 2002 ). 

2.6. Spectral diffusion analysis 

Spectral analysis using NNLS was conducted to analyze the

IVIM data in a voxel-based manner, as previously described

( De Luca et al., 2018 ; Keil et al., 2017 ; Whittall and MacKay, 1989 ;

Wong et al., 2019 ). Spectral analysis considers the signal to be

comprised of a sum of multiple exponentially decaying compo-

nents that fall within their own range of diffusion components.

No constraints are laid on the number of components to be esti-

mated by the model. Based on previous studies ( Wong et al., 2019 ),

the spectrum was divided into three ranges: the parenchymal dif-

fusion, 0.1 ∗10 −3 < D < 1.5 ∗10 −3 mm 

2 /s; the intermediate diffu-

sion component (proxy for ISF volume), 1.5 ∗10 −3 ≤ D ≤ 4.0 ∗10 −3 

mm 

2 /s; and the microvascular pseudodiffusion, 4.0 ∗10 −3 < D <

10 0 0 ∗10 −3 mm 

2 /s ( Fig. 1 ). No regularization was applied to the

spectrum. 

For each voxel, the diffusion values were calculated for the mi-

crovascular pseudodiffusion ( D mv ), the intermediate diffusion ( D int )

and the parenchymal diffusion ( D par ) components. D mv , D int and

D par were determined by selecting the position of D corresponding

to the peaks in the spectrum, and subsequently taking the max-

ima of the peaks per component. A dictionary of D values was

used ranging from 0.1 ∗10 −3 to 10 0 0 ∗10 −3 mm 

2 /s with 200 loga-

rithmically spaced values ( Wong et al., 2019 ). The amplitudes per

diffusion compartment were defined as the sum of the calculated

diffusion values’ extension per compartment within the voxel. The

least-square based model was constraint to non-negative values, as

negative amplitudes have no physiological meaning ( Wong et al.,

2019 ). The relative contribution of the intermediate component to

the signal ( f int ) was determined by dividing the amplitude of spec-

tral peaks within the intermediate diffusion range by the sum of
the amplitudes of the peaks of the spectrum. The microvascular

pseudodiffusion fraction ( f mv ) was determined in a similar man-

ner, which means that the sum of f mv , f int and the remaining

parenchymal diffusion fraction would result in a total of 100% per

voxel. 

The spectral analysis with NNLS resulted in the following diffu-

sion parameters: the microvascular pseudodiffusion ( D mv ), which

represents the diffusion value of the blood circulating in the mi-

crovasculature; the parenchymal diffusion ( D par ), which represents

the diffusion value of the parenchyma; and the intermediate dif-

fusion ( D int ), which represents the diffusion value of the interme-

diate component, presumed to be a proxy for ISF. The contribu-

tion of the amplitudes falling within each component’s range were

quantified as a fraction of the sum of all amplitudes in the spec-

trum. The microvascular pseudodiffusion fraction ( f mv ) represents

the volume fraction of the microvascular signal, and the intermedi-

ate component fraction ( f int ) represents the volume fraction of the

ISF component. Only voxels which contained a parenchymal peak

were included in the further analysis, and when only an intermedi-

ate peak was present, this peak was categorized as falling into the

parenchymal range. This correction was applied as it is physiolog-

ically unlikely that no parenchyma, but only ISF is present within

the ROIs as defined in this study. 

f mv and f int were corrected for the inversion pulse and T 1 and

T 2 relaxation effects for each quantified component individually

( Wong et al., 2019 ). T 1 and T 2 relaxation properties of the mi-

crovascular and parenchymal compartment are retrieved from lit-

erature (T 1 = 1624 ms, T 2 = 275 ms and T 1 = 1081 ms, T 2 = 95 ms

respectively) ( Lu et al., 2004 ; Simon et al., 2004 ; Wansapura et al.,

1999 ). The T 1 times of the intermediate component were estimated

using an iterative procedure and are voxel-specific, using initializa-

tion values of 30 0 0 ms and 1500 ms for T 1 and T 2 values respec-

tively ( Wong et al., 2019 ). To assess whether any clinical group

differences in estimated T 1 times of the intermediate component

were present, an analysis of variance with Tukey post-hoc analy-

ses was conducted. No significant group differences in estimated

T 1 times were identified (Supplementary Table 1). The median val-

ues of D mv , f mv , D int , f int and D par were extracted for each parame-

ter within the hippocampi and NAWM. 

For comparison purposes, the bi-exponential model was ap-

plied to extract the traditional microvascular and parenchymal

IVIM parameters ( Le Bihan et al., 1988 ), on which the statisti-

cal analyses were applied in a similar manner. The traditional

bi-exponential analysis is restricted to the quantification of only

two diffusion components (the microvascular pseudodiffusion and

parenchymal diffusion), as the combination of only two exponen-

tial decay curves are fitted ( Le Bihan et al., 1988 ; Le Bihan et al.,

1986 ). 

2.7. Statistical analysis 

Multivariable linear regression was employed to investigate the

associations of WMH volume and hippocampal volume with the

D mv , f mv , D int , f int and D par of the NAWM and hippocampi, while

correcting for age, sex and ICV (IBM SPSS statistics version 25). One

influential outlier was identified when investigating the association

between hippocampal volume and f int in the NAWM (Cook’s dis-

tance = 2.433) (Supplementary figure 1). However, statistical anal-

yses including and excluding this particular case yielded no sub-

stantially different outcomes. Total WMH volume and hippocam-

pal volume were assessed for normality using the Shapiro-Wilk

Test. Total WMH volume was calculated per participant and sub-

sequently log-transformed to better approximate a normal distri-

bution. A threshold level of p < 0.05 was used to determine sta-
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Fig. 1. Example of the diffusion spectrum of a normal appearing white matter voxel in a patient (74 y, female) with Alzheimer’s disease dementia. The spectrum is divided 

into the three diffusion ranges corresponding to signals originating from different brain tissue compartments, with the intermediate diffusion component in the middle. 

blue = parenchymal diffusion range, purple = intermediate diffusion range, pink = microvascular pseudodiffusion range. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

tistical significance. Due to the exploratory nature of the current

study, we did not correct for multiple comparisons. 

2.8. Data availability 

Anonymized data that support the findings of this study are

available from the corresponding author, upon reasonable request

from any qualified investigator. 

3. Results 

3.1. Participant characteristics 

Seventy-four individuals participated in this study, including

patients with AD dementia (n = 15), MCI (n = 16), VCI (n = 9),

SCD (n = 13) and healthy controls (n = 21). SCD and control par-

ticipants were pooled together when displaying demographic char-

acteristics (n = 34). Although the memory clinic cohort was anal-

ysed as a whole, sample characteristics including participant- and

imaging characteristics and calculated IVIM measures are summa-

rized per clinical group in Table 1 . 

Figure 2 A shows the various degrees of vascular and neurode-

generative pathology present in this cohort, by displaying the vari-

ation in WMH volume and hippocampal volume. This figure shows

that in general, the control group seems to demonstrate a low

WMH volume and high hippocampal volume, while the VCI group

predominantly presents with a larger WMH volume and the MCI

and AD groups show a lower hippocampal volume. However, no

clear clinical cut-offs can be identified as the measures appear

to overlap between the different groups, supporting the decision

to analyze the memory clinic cohort as a whole, and not sepa-

rately based on clinical diagnosis. In addition, representative exam-

ple maps of f int are displayed ( Fig. 2 B–C), one of a VCI patient with

a high WMH load and low hippocampal volume ( Fig. 2 B) and the

other of a control participant with low WMH load and high hip-

pocampal volume ( Fig. 2 C). The patient with VCI appears to have

higher and more extensive f int values in the NAWM ( Fig. 2 B 1 ) and

hippocampus ( Fig. 2 B 2 ) than the control participant ( Fig. 2 C 1 and

C 2 respectively). 
3.2. Associations of IVIM measures with WMH and hippocampal 

volume 

3.2.1. Spectral analysis 

The associations between WMH and hippocampal volume and

the IVIM measures ( D mv , f mv , D int , f int and D par ) per ROI are pro-

vided in Table 2 . In the total sample, hippocampal volume was

positively associated with D int ( β = 0.393, p = 0.001) and nega-

tively associated with f int in NAWM ( β = -0.381, p = 0.001). Inter-

estingly, the WMH volume showed the inverse pattern of associa-

tions with the same IVIM measures in NAWM ( Table 2 ), where a

larger WMH volume related to a higher f int ( β = 0.406, p < 0.001)

and a lower D int ( β = -0.270, p = 0.005). Moreover, hippocam-

pal volume and D par of the NAWM showed a negative association.

Within the hippocampi, hippocampal volume was negatively asso-

ciated with f int ( β = -0.251, p = 0.032). No other IVIM measures

showed any associations with WMH volume or hippocampal vol-

ume in any region ( p > 0.05). 

The results did not change after including average absolute dis-

placement as an additional covariate. Similarly, the correction for

absolute (aSSR) and relative (rSSR) sum of squared residuals – ac-

curacy measures of NNLS fit – did not alter the results (results not

shown). This indicates that the identified associations were not at-

tributable to variation in NNLS fit or subject motion. 

3.2.2. The bi-exponential model 

When using the traditional bi-exponential model ( Le Bihan

et al., 1988 ), similar associations were found concerning the

parenchymal diffusion component ( Table 3 ), as were found with

the intermediate component using spectral analysis. Using the bi-

exponential model, we observed an association of D par in the

NAWM with WMH volume ( β = 0.296, p = 0.003) and hippocam-

pal volume ( β = -0.301, p = 0.014) and in the hippocampi with

WMH volume ( β = 0.193, p = 0.046) and hippocampal volume

( β = -0.517, p < 0.001). 

Likewise, the same directions of neurodegenerative associations

were found in the hippocampi with the microvascular diffusion

fraction when using the traditional bi-exponential model ( β = -

0.267, p = 0.024) ( Table 3 ), as were found in the hippocampi

with the intermediate component when using spectral analysis

( Table 2 ). 
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Table 1 

Sample characteristics. 

Participant characteristics (n = 74) CON (n = 34) VCI (n = 9) MCI (n = 16) AD (n = 15) 

Age (years) 69.1 (7.70) 69.7 (5.50) 69.9 (5.01) 70.1 (6.68) 

Male, n (%) 18 (52.9) 3 (33.3) 11 (68.8) 10 (66.7) 

Education (level) ∗ , median [IQR] 5 [5 – 6] 6 [4 – 6] 5 [4 – 5] 5 [4 – 6] 

MMSE score, median [IQR] 29.00 [28.00 – 30.00] 27.00 [25.00 – 29.50] 27.00 [26.25 – 28.00] 26.00 [21.00 – 28.00] + 

ApoE4 positive, n (%) 11 (32.4) 6 (66.7) + 7 (43.8) 8 (53.3) 

Hypertension, n (%) 16 (47.1) 7 (77.8) 10 (62.5) 8 (53.3) 

Diabetes Mellitus, n (%) 1 (2.9) 2 (22.2) 3 (18.8) 2 (13.3) 

Cardiovascular disease, n (%) 11 (32.4) 3 (33.3) 5 (31.3) 3 (20.0) 

Imaging characteristics 

ICV (cm 

3 ), median [IQR] 1433 [1171 – 1647] 1489 [1380 – 1698] 1539 [1226 – 1629] 1600 [1376 – 1744] 

WMH volume (%ICV), median [IQR] .034 [.022 – .052] 120 [.052 – .212] .044 [.032 – .080] .043 [.025 – .068] 

HC volume (%ICV), median [IQR] .040 [.036 – .049] .035 [.027 – .040] .030 [.032 – .042] .029 [.027 – .035] 

IVIM measurements 

Hippocampi NAWM Hippocampi NAWM Hippocampi NAWM Hippocampi NAWM 

Microvascular 

D mv (x10 −3 mm 

2 /s) 36 (18) 51 (14) 35 (14) 48 (12) 37 (24) 61 (46) 37 (28) 59 (17) 

f mv (%) 1.6 (.6) 1.0 (.2) 1.6 (1.0) 1.0 (.3) 1.9 (1.2) .9 (.2) 2.0 (.7) .9 (.2) 

Intermediate 

D int (x10 −3 mm 

2 /s) 2.6 (.3) 2.4 (.1) 2.4 (.2) 2.3 (.1) 2.4 (.3) 2.3 (.1) 2.6 (.3) 2.3 (.1) 

f int (%) 12.5 (2.1) 11.0 (1.0) 13.5 (2.9) 13.1 (2.8) 14.5 (3.1) 11.7 (1.2) 13.6 (2.4) 12.0 (1.4) 

Parenchymal 

D par (x10 −3 mm 

2 /s) .9 (.1) .9 (.1) .9 (.1) .9 (.1) .9 (.1) .9 (.1) .8 (.1) .9 (.1) 

Mean (standard deviation) is reported unless stated otherwise. Non-zero voxels were excluded to calculate mean diffusion values and the regional means of volume fractions. 

Subjective cognitive decline participants are classified under the control group. Demographic characteristics are displayed per clinical group solely to display variability within 

the sample, but further statistical analyses are conducted on the entire sample as a whole. 

Abbreviations: CON, Controls; VCI, Vascular cognitive impairment; MCI, Mild cognitive impairment; AD, Alzheimer’s disease dementia; ICV, intracranial volume; MMSE, mini- 

mental state examination; WMH, white matter hyperintensity; NAWM, normal appearing white matter; f int , intermediate peak fraction; D int , intermediate peak diffusion; f mv , 

microvascular pseudodiffusion fraction; D mv , microvascular pseudodiffusion; D par, parenchymal diffusion. 
∗ Education level was based on an 8-level scale ( De Bie and Vegter, 1987 ). 
+ Missing cases = ApoE4 positive, n = 1 (VCI); MMSE, n = 2 (AD). 

Fig. 2. Scatterplot of white matter hyperintensity and hippocampal volume related to example maps of f int . 

A). Scatterplot of WMH volume (% of total intracranial volume – not log-transformed) and hippocampal volume (% of total intracranial volume) values over the patient 

population, showing the heterogeneity of vascular alterations and neurodegeneration present in the current memory clinic sample. Markers are visualized per clinical group 

solely to display variability within the sample, but further statistical analyses are conducted on the entire sample as a whole. Subjective cognitive decline participants are 

classified under the control group. Arrows point to the participants used to present example maps of f int , one being a patient with VCI ( B ) with a high WMH load and low 

hippocampal volume and the other a control participant ( C ) with low WMH load and high hippocampal volume. B-C). Example maps of f int in the NAWM ( B 1 , C 1 ) and left 

hippocampus ( B 2 , C 2 ) of a patient with VCI ( B ) and control participant ( C ). The f int maps are overlaid on the T 1 w image. Green indicates very high f int values, light blue 

represents medium to high f int values and dark blue indicates low f int values. Abbreviations: AD, Alzheimer’s disease dementia; MCI, mild cognitive impairment; VCI, vascular 

cognitive impairment; CON, controls; WMH, white matter hyperintensity; NAWM, normal appearing white matter. 
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Table 2 

Associations between vascular and neurodegenerative markers and IVIM measures 

Neurodegenerative marker Vascular marker 

Hippocampal volume WMH volume 

IVIM measures β p -value β p -value 

Hippocampi 

Microvascular 

D mv 0 .151 0.202 0 .016 0.869 

f mv -0 .151 0.203 -0 .021 0.831 

Intermediate 

D int 0 .069 0.569 -0 .053 0.597 

f int -0 .251 0.032 a 0 .021 0.836 

Parenchymal 

D par -0 .145 0.219 -0 .020 0.838 

NAWM 

Microvascular 

D mv -0 .135 0.258 0 .047 0.640 

f mv 0 .126 0.313 0 .045 0.665 

Intermediate 

D int 0 .393 0.001 b -0 .270 0.005 a 

f int -0 .381 0.001 b 0 .406 0.001 b 

Parenchymal 

D par -0 .245 0.038 a 0 .113 0.257 

WMH volume was log-transformed before the analyses. β represents standardized beta coefficients. Significant associations are depicted in bold and cut-off values are 

given below. Analyses were adjusted for age, sex and estimated intracranial volume. Abbreviations: D int , intermediate peak diffusion; D mv , microvascular pseudodiffu- 

sion; D par, parenchymal diffusion; f int , intermediate peak fraction; f mv , microvascular pseudodiffusion fraction; IVIM, intravoxel incoherent motion; NAWM, normal appearing 

white matter; WMH, white matter hyperintensity. 
a p < 0.05 
b p < 0.01 

Table 3 

Associations between vascular and neurodegenerative markers and traditional bi-exponential IVIM measures 

Neurodegenerative marker Vascular marker 

Hippocampal volume WMH volume 

Bi-exponential IVIM measures β p -value β p -value 

Hippocampi 

Microvascular 

D mv -0 .156 0 .187 0 .044 0.654 

f mv -0 .267 0 .024 a -0 .055 0.580 

Parenchymal 

D par -0 .517 < 0 .001 b 0 .193 0.046 a 

NAWM 

Microvascular 

D mv 0 .096 0 .435 -0 .118 0.245 

f mv -0 .093 0 .469 0 .111 0.300 

Parenchymal 

D par -0 .301 0 .014 a 0 .296 0.003 a 

WMH volume was log-transformed before the analyses. β represents standardized beta coefficients. Significant associations are depicted in bold and cut-off values are 

given below. Analyses were adjusted for age, sex and estimated intracranial volume. Abbreviations: D mv , microvascular pseudodiffusion; D par, parenchymal diffusion; f mv , 

microvascular pseudodiffusion fraction; IVIM, intravoxel incoherent motion; NAWM, normal appearing white matter; WMH, white matter hyperintensity. 
a p < 0.05 
b p < 0.01 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4. Discussion 

The current study investigated the relation of microvascu-

lature, interstitial fluid, and parenchymal integrity with vascu-

lar (i.e., WMH volume) and neurodegenerative (i.e., hippocam-

pal atrophy) biomarkers in memory clinic patients and con-

trols. By evaluating associations between microscopic tissue al-

terations and common markers of neurodegenerative as well as

vascular pathology (WMH volume) in this mixed study sam-

ple, we showed that a large ISF volume is significantly associ-

ated with a higher presence of vascular and neurodegenerative

biomarkers. 
4.1. A large intermediate component volume fraction in NAWM is 

associated with WMH volume and with hippocampal volume 

We found associations of both WMH volume and hippocam-

pal volume with f int in NAWM. A higher amplitude peak within

the intermediate component is reflected by a higher f int and is in

turn representative of a larger ISF volume in IVIM ( Wong et al.,

2019 ). These findings suggest a greater ISF volume to be related to

both vascular (WMH volume) and neurodegenerative (hippocam-

pal volume) macroscopic alterations. This study investigated diffu-

sion volume fractions in memory clinic patients, covering a broad

spectrum of vascular and neurodegenerative pathology, includ-
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ing patients assumed to be principally affected by neurodegen-

eration (patients with AD and MCI), by vascular pathology (pa-

tients with VCI), and presumably without significant pathology

(SCD and healthy controls). Although no previous diffusion stud-

ies have looked at ISF variations in a memory clinic sample which

includes patients who are assumed to be principally affected by AD

pathology, Wong et al. (2019) identified a relationship of high f int 

values with larger WMH volumes in a neurologic outpatient clinic

patient sample affected by vascular pathology. In line with their

results, our study identified the same positive association between

f int values and WMH volume in the NAWM of a memory clinic

sample. These findings suggest that f int could be a robust proxy for

damage on the cellular level reflecting ISF changes, which in turn is

associated with WMH (vascular) pathology. Furthermore, we iden-

tified that higher f int values in NAWM was related to hippocampal

atrophy, a marker of neurodegenerative alterations. 

In addition to the association of higher f int values with larger

WMH and smaller hippocampal volume in the NAWM, we ob-

served an association of a lower intermediate diffusion value ( D int )

in this ROI with both larger WMH and smaller hippocampal vol-

ume. When more tissue damage is present, a higher f int will be

observed due to the increase in ISF volume related to pathophysi-

ological processes such as neuroinflammation, atrophy and edema

( Abbott, 2004 ; Weller, 1998 ). Similarly, a lower D int can be ob-

served, as more waste products will be present in the ISF, due

to cellular breakdown and the potential presence of toxic pro-

teins (e.g., amyloid beta and tau). Although tissue degradation it-

self might result in a larger ISF component (a higher f int ), the

waste products in the extracellular matrix may hinder the dif-

fusion of water molecules, leaving less free space for the water

molecules in the ISF to diffuse, subsequently leading to lower inter-

mediate diffusion values. The higher concentration of waste prod-

ucts in the extracellular matrix in damaged regions, will therefore

lead to higher f int and lower D int values, regardless of the source

of the parenchymal damage (i.e., vascular or neurodegenerative).

The strong intrinsic relation between f int and D int might explain

the similarity in magnitude of associations found with these pa-

rameters, although the associations of f int and D int with the MRI

markers were found to be in opposite directions (i.e., negative ver-

sus positive). Thereby, this study demonstrated that ISF changes in

memory clinic patients are not only related to macroscopic vas-

cular abnormalities (WMH volume) but represent microstructural

alterations in the NAWM which are linked to both underlying vas-

cular and neurodegenerative abnormalities. 

4.2. Hippocampal atrophy is associated with a large intermediate 

component volume fraction in the hippocampus 

Interestingly, we observed f int in the hippocampi to be as-

sociated to the neurodegenerative marker (hippocampal volume),

but not to the vascular marker (WMH volume). Consistent with

these findings, neurodegenerative influences have been strongly

established within this region and the hippocampi are known

to be one of the first regions to be affected by atrophy in AD

( Fox et al., 1996 ; Moodley and Chan, 2014 ). Additionally, our obser-

vations are in line with previous results of Maier-Hein et al. (2015) ,

who used the free water (FW) imaging model in patients with

MCI and AD dementia to determine a gradual increase in FW

(representing the extracellular diffusion contribution) along the

progression of AD, which significantly related to atrophy. In the

same line of reasoning, there are studies that suggest the hip-

pocampi to be less at risk of vascular alterations (such as WMH)

than the NAWM, as a lower presence of WMH is found in the

temporal lobe as compared to the other lobes ( Gootjes et al.,

2004 ). This difference can be caused by the presence of a more
robust vascular network and hippocampal vascular reserve in

some patients and the absence of a specific vascular vulnera-

bility of the hippocampi ( Gattringer et al., 2012 ; Perosa et al.,

2020 ). For instance, the study of Perosa et al. (2020) shows that

when a mixed vascularization of the hippocampi exists, fewer

cSVD markers such as WMH are present. An increased vascular

reserve of the hippocampi may be a protective factor for hip-

pocampal structural integrity and cognitive function. While f int in

the NAWM seems to be connected to both vascular (WMH vol-

ume) and neurodegenerative (hippocampal volume) abnormalities,

as expected, hippocampal f int is only associated to neurodegen-

erative alterations. These findings support f int to be a proxy for

damage on the cellular level reflecting ISF changes in the hip-

pocampi, which are in turn associated with hippocampal atrophy

and furthermore relate a large ISF volume to local macro-structural

alterations. 

4.3. WMH volume and hippocampal volume are not associated with 

the microvascular pseudodiffusion 

The current study identified an association of WMH volume and

hippocampal volume with f int but found no associations with f mv .

The lack of microvascular associations in the current study con-

trasts with previous memory clinic studies, which did reveal con-

nections between microvascular alterations and AD-related pathol-

ogy. Multiple arterial spin labeling (ASL) studies have identified a

hypoperfusion pattern including both the WM and hippocampi, de-

creasing along the continuum of AD ( Binnewijzend et al., 2016 ;

Hays et al., 2016 ; Uh et al., 2010 ; van der Thiel et al., 2019 ;

Zhang et al., 2017 ). Patients with AD dementia ( Binnewijzend et al.,

2016 ; Zhang et al., 2017 ), patients with MCI ( Hays et al., 2016 ),

and even individuals with subtle cognitive decline ( van der Thiel

et al., 2019 ) have shown decreased perfusion in previous studies,

thereby covering the whole spectrum of memory clinic patients.

Although perfusion measures were generally observed to be lower

in patients with MCI and AD dementia in WM regions ( Uh et al.,

2010 ), hypoperfusion has also been indicated in the hippocampi

( Zhang et al., 2017 ). However, ASL-derived perfusion and IVIM mi-

crovascular pseudodiffusion represent different microvascular phe-

nomena ( Le Bihan, 2019 ; Zhang et al., 2018 ), so caution needs to be

taken when comparing our IVIM results with ASL studies. Regard-

less, these ASL-studies do suggest the occurrence of alterations at a

microvascular level in memory clinic patients. ASL-measurements

of perfusion might be influenced by variation in the blood sup-

ply to the brain ( Alsaedi et al., 2018 ; Okell et al., 2013 ; van der

Thiel et al., 2018 ), while IVIM’s microvascular pseudodiffusion gives

a proxy of perfusion independent of variability in blood supply to

the brain. Nevertheless, a previous IVIM study also supported the

statement of alterations at a microvascular level in memory clinic

patients, by demonstrating a decrease in microvascular pseudodif-

fusion in patients with VCI ( Wong et al., 2017 ). 

Several factors can explain the absence of findings that con-

nect vascular (WMH volume) and neurodegenerative (hippocampal

volume) markers with the microvascular pseudodiffusion fraction

in the hippocampi and NAWM in the current study. For instance,

the difference in analysis methods could be responsible for the

discrepancy in results concerning the microvasculature from our

study and from previous studies. The added value of spectral anal-

ysis to analyze microstructural alterations in the brain is discussed

in the following section. 

4.4. The added value of spectral analysis 

Our study implemented spectral analysis using NNLS in a mem-

ory clinic sample. Results of previous studies that have used the
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bi-exponential model, have indicated a relationship between f mv

and vascular and neurodegenerative processes in the hippocampi

( van Bussel et al., 2015 ; Zhang et al., 2019 ). Similarly, when ex-

ploring the bi-exponential model, our memory clinic sample did

show an association of hippocampal atrophy with the microvascu-

lar component in the hippocampi. Interestingly, when using spec-

tral analysis, the current study did not find an association of hip-

pocampal atrophy with the microvascular component in the hip-

pocampi. Noteworthy, the association of the hippocampal ISF frac-

tion ( f int ) with hippocampal atrophy found with spectral analysis

is shown to be similar as the association of hippocampal atrophy

with the hippocampal microvascular pseudodiffusion when the bi-

exponential model is used. These findings suggest that when us-

ing bi-exponential models, the signal from the intermediate com-

ponent could be leaking into the nearby microvascular compo-

nent, biasing IVIM analysis when spectral analysis is not used.

This may result in false associations of the microvasculature with

macrostructural markers of pathology, which are actually caused

by variations in ISF volume. 

A previous study by Wong et al. (2017) mentioned enlarged

perivascular spaces (PVS) as a potential underlying driver of this

biasing effect. When water is flowing in a parallel direction to the

vessels, as is the case in PVS, the signal from the PVS can falsely be

contributed to the microvascular compartment ( Wong et al., 2017 ).

In their study, a larger f mv was found to be associated with en-

larged PVS in patients with vascular pathology, further supporting

this notion ( Wong et al., 2017 ). Correspondingly, we were unable

to find vascular (WMH volume) and neurodegenerative (hippocam-

pal volume) associations with f mv , but did observe vascular and

neurodegenerative associations with f int (ISF volume). An increased

amount of ISF is argued to be present in enlarged PVS, where ISF

can diffuse more freely ( Wong et al., 2019 ). Therefore, the enlarge-

ment of the PVS could underlie the observed large f int value (ISF)

which is associated with WMH volume and hippocampal volume

alterations in the current study. 

Similarly, when using a bi-exponential model, associations can

be identified of the parenchymal component with WMH and hip-

pocampal volume in both the NAWM and hippocampi, while only

an association between the parenchymal component in the NAWM

and the hippocampal volume can be observed when the spec-

tral analysis method is used. An impaired parenchyma ( D par ) es-

timated using the bi-exponential model, goes hand in hand with

larger f int values in the same regions, as observed in the results

of the current study using spectral analysis. When the parenchyma

disintegrates, the remaining space will likely become more occu-

pied by ISF ( Wong et al., 2019 ). Interestingly, increased extracel-

lular fluid has previously been suggested to be the explanation

for observed diffusion alterations which were assumed to indicate

loss of parenchymal integrity in memory clinic patients with vas-

cular pathology ( Duering et al., 2018 ). Our findings support this

statement, and suggest a larger ISF volume to underly a decreased

parenchymal diffusion component ( D par ) as also observed in mem-

ory clinic patients using bi-exponential models. With the current

study we were able to simultaneously investigate the parenchy-

mal integrity and ISF volume and subsequently suggest ISF alter-

ations to underlie diffusion alterations that are associated with

both WMH volume and hippocampal volume abnormalities. 

4.5. The interpretation of the interstitial fluid fraction 

Another potential explanation for the observed high f int val-

ues associated with WMH volume and hippocampal volume alter-

ations could be the occurrence of microstructural tissue damage,

such as neuronal or axonal degeneration and the subsequent loss

of the cellular matrix and white matter fibre organization ( Maier-
Hein et al., 2015 ). Within our memory clinic sample, microstruc-

tural tissue alterations are expected to be the leading factor as-

sociated with increased ISF volume, due to prominently observed

cell loss within these patient groups ( Brun and Englund, 1981 ;

Coleman and Flood, 1987 ). Therefore, we suggest the loss of tissue

microstructure to underlie the observed large f int value, which is

associated with WMH and hippocampal volume alterations in the

current study. 

The observed variations in ISF volume ( f int ) can be of influence

on many mechanisms within the brain, such as the glymphatic sys-

tem. The glymphatic system is a waste-clearance system which uti-

lizes connecting PVS to efficiently eliminate soluble proteins and

metabolites through the brains’ ISF ( Iliff et al., 2012 ; Jessen et al.,

2015 ; Mestre et al., 2017 ; Rasmussen et al., 2018 ). In line with the

results of our study, glymphatic dysfunction has previously been

brought in relation to both neurodegeneration and vascular alter-

ations in memory clinic patients ( Jessen et al., 2015 ; Mestre et al.,

2017 ; Rasmussen et al., 2018 ; Rivera-Rivera et al., 2017 ). An in-

crease in pulsatility due to reduced vascular compliance has been

found in patients with AD dementia, influencing the driving force

of the system ( Jessen et al., 2015 ; Rivera-Rivera et al., 2017 ). More-

over, glymphatic failure renders the brain vulnerable to neurode-

generation and cognitive dysfunction ( Jessen et al., 2015 ). An im-

portant consequence of glymphatic dysfunction is that the waste

clearance, including amyloid beta removal (A β; one of the main

pathological hallmarks of AD), is attenuated ( Iliff et al., 2012 ). The

potential to measure the ISF volume using spectral analysis with

IVIM, opens possibilities to assess glymphatic impairment in mem-

ory clinic patients in a non-invasive manner. 

4.6. Study considerations 

Within our memory clinic sample, the individual diagnostic

groups have a limited sample size, particularly the VCI group

(n = 9). Due to the clinical and pathological heterogeneity present

within the memory clinic sample ( Freeze et al., 2019 ), we chose to

examine the study population as a whole using a continuous an-

alytical approach. The mixed underlying pathology present in our

study sample is also one of the main strengths of the study. Our

sample covered a broad spectrum of vascular and neurodegener-

ative pathology, including patients assumed to be principally af-

fected by neurodegeneration (patients with AD dementia and MCI),

by vascular pathology (patients with VCI), and presumably without

significant pathology (SCD and healthy controls), thereby enabling

us to investigate both vascular and degenerative associations with

microstructural alterations in cognitive decline. However, a limita-

tion of this study is that AD biomarkers amyloid beta and tau were

only known for 10 out of 15 patients with AD dementia (66.7%)

and the presence of AD pathology was therefore not confirmed

with amyloid biomarker evidence for all of them. 

Furthermore, the aim of this study was to investigate associa-

tions between microscopic diffusion components and neurodegen-

erative (i.e., hippocampal atrophy) and vascular (i.e., WMH volume)

MRI markers in a memory clinic sample. Although - like hippocam-

pal atrophy for neurodegeneration ( Fox et al., 1996 ; Moodley and

Chan, 2014 ; Scheltens et al., 1992 ) - WMHs are an established MRI

marker of vascular pathology ( Freeze et al., 2019 ; Jacobs et al.,

2014 ; Rosenberg, 2009 ; Wardlaw et al., 2013 ; Wong et al., 2019 ),

these cannot be labeled as pure vascular markers, due to poten-

tial vascular influences leading to neurodegeneration and the in-

teraction of these pathologic processes ( Jacobs et al., 2014 ). In ad-

dition, although histopathological studies have long ago indicated

microvascular alterations - such as angiofibrosis and arteriosclero-

sis - to be associated with WMHs, WMHs can also be influenced by

other - non-vascular - demyelinating processes such as Wallerian
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degeneration or edema ( Fazekas et al., 1991 ; Fazekas et al., 1993 ).

Future studies are necessary to further investigate the complex

interplay between neurodegenerative and vascular pathology and

validate the specific place of ISF alterations within these pathologic

processes. 

The spectral analysis approach based on NNLS is a relatively

new method and its limitations should also be considered. The

ranges of the three components are assumed to be rigid over var-

ious brain regions. However, due to the anisotropy of white mat-

ter, the diffusivity of parenchymal component strongly varies over

regions. For white matter regions with a relatively high fractional

anisotropy, the parenchymal diffusivity could be higher than the

upper boundary defined for the white matter, thereby leaking into

the range defined for the intermediate component. In this study,

we have tried to correct for this phenomenon by only including

voxels that contain a parenchymal peak. Nonetheless, more re-

search and further algorithm development is needed to account for

the regional variability of component ranges. 

Within our NNLS approach, a one-to-one relation between the

exponential components as estimated with the NNLS and the mi-

croscopic compartments is assumed ( Wong et al., 2019 ). Another

limitation of our method is that the T 1 and T 2 relaxation prop-

erties of the microvascular and parenchymal compartment are re-

trieved from literature and regionally invariant. However, the T 1 
times of the intermediate component are estimated using an iter-

ative procedure and are voxel-specific ( Wong et al., 2019 ). Future

studies should further investigate the possibility to obtain quanti-

tative region-specific estimates of T 1 and T 2 to improve correction

for relaxation times. 

In a previous study of Rydhög et al. (2017) , a three-

compartment model was used to estimate a parenchymal, mi-

crovascular and FW compartment. In their study, the diffusion

values per component were predefined based on values derived

from the literature. However, as is stated in their discussion, the

effective diffusivity of these compartments has been shown to

vary in time and space ( Federau et al., 2014 ; Rydhög et al., 2017 ;

Wirestam et al., 2001 ), and a variety of values are observed in the

literature ( Federau et al., 2012 ; Federau et al., 2014 ; Nicolas et al.,

2015 ; Wirestam et al., 2001 ). A potential explanation for the vari-

ation in diffusion values between studies could also lie in discrep-

ancy in clinical groups, where slower of faster diffusivity might

relate to specific disease states. The main advantage of spectral

analysis using NNLS in the analysis of IVIM data, is that this ap-

proach is data driven. The diffusion values per compartment are

determined by the model - within the prespecified diffusion ranges

- on which the volume fractions are subsequently calculated. In

our study, the diffusion values of ISF/FW ( D int ) were determined

to lie between 2.3–2.6 mm 

2 /s, However, in the discussed three-

compartment model, these were predefined to be 3 mm 

2 /s, lead-

ing to a potential overestimation of this diffusion value when not

directly derived from the data. Within the spectral analysis ap-

proach, we leave space to estimate the exact diffusion values,

which might be beneficial within clinical populations which rep-

resent with varying diffusivity within compartments. 

In the current study, CSF suppression was applied to suppress

the contamination of CSF, while maintaining the ISF signal due to

the shorter T 1 time of ISF. Additionally, a potential bias of partial

volume effects was minimized by taking the median value per ROI,

to ensure that our statistical analysis would not be biased by out-

lier values. Thereby, we aimed to provide an accurate estimation of

the ISF volume per ROI. 

Prospective studies in larger patient groups are necessary to ex-

plore the potential future usage of the intermediate component as

a biomarker for ISF volume associated with different clinical phe-

notypes of cognitive impairment or distinctive neurological disor-
ders. These studies might be able to investigate the potential of f int 

as an early biomarker for microscopic damage associated with vas-

cular and neurodegenerative pathology. Moreover, the clinical rel-

evance of f int as a biomarker requires further studies using clinical

outcomes. 

Furthermore, it is important to note that granting the interme-

diate component has been previously validated as a potential mea-

sure for aberrant amounts of ISF in a patient sample ( Wong et al.,

2019 ), the intermediate component as a proxy for ISF volume re-

mains to be verified, for example in animal models, where tissue

specimens can be validated microscopically. Although the usage of

IVIM imaging seems to have great potential to gain more knowl-

edge on the brains’ microstructural composition in a memory clinic

sample, prospective histopathological studies are needed to obtain

more clarity on the physiological nature of the intermediate dif-

fusion component and to further explore its relationship to glym-

phatic functioning. As previously suggested by Wong et al. (2019) ,

future studies should investigate the potential of IVIM imaging to

detect glymphatic failure by combining IVIM using spectral analy-

sis with measurements of cardiac pulsatility and aquaporin-4 de-

pendent fluid movement. 

Furthermore, the current study used three directions for IVIM

data acquisition and analyzed the trace image to remove any ef-

fects of directionality on the IVIM parameters. However, incorpo-

rating direction dependent information of the IVIM diffusion sig-

nals might lead to interesting insights in relation to directionality

of glymphatic flow patterns. 

5. Conclusions 

This study validated the applicability of IVIM in a memory

clinic sample using spectral IVIM analysis and found associations

between microstructural diffusion components and vascular (i.e.,

WMH volume) and neurodegenerative (i.e., hippocampal volume)

MRI markers. We demonstrated that a larger intermediate compo-

nent (suggested to be a proxy of ISF volume) in NAWM is associ-

ated with a larger WMH volume and a lower hippocampal volume.

Moreover, we showed a relation between a high hippocampal in-

termediate component volume fraction and hippocampal atrophy.

Thereby, we demonstrated prominent associations of a large inter-

mediate component volume fraction with vascular and neurode-

generative abnormalities and obtained more pathophysiological in-

sights by evaluating microscopic changes in a memory clinic sam-

ple influenced by both vascular and AD pathology and by linking

them together. Furthermore, our observations might be related to

impaired glymphatic functioning associated with the large ISF vol-

ume ( f int ) in memory clinic patients. 
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