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Background: Cerebral intravoxel incoherent motion (IVIM) imaging assumes two components. However, more compart-
ments are likely present in pathologic tissue. We hypothesized that spectral analysis using a nonnegative least-squares
(NNLS) approach can detect an additional, intermediate diffusion component, distinct from the parenchymal and microvas-
cular components, in lesion-prone regions.
Purpose: To investigate the presence of this intermediate diffusion component and its relation with cerebral small vessel
disease (cSVD)-related lesions.
Study Type: Prospective cross-sectional study.
Population: Patients with cSVD (n = 69, median age 69.8) and controls (n = 39, median age 68.9).
Field Strength/Sequence: Whole-brain inversion recovery IVIM acquisition at 3.0T.
Assessment: Enlarged perivascular spaces (PVS) were rated by three raters. White matter hyperintensities (WMH) were
identified on a fluid attenuated inversion recovery (FLAIR) image using a semiautomated algorithm.
Statistical Tests: Relations between IVIM measures and cSVD-related lesions were studied using the Spearman’s rank
order correlation.
Results: NNLS yielded diffusion spectra from which the intermediate volume fraction fint was apparent between parenchy-
mal diffusion and microvasular pseudodiffusion. WMH volume and the extent of MRI-visible enlarged PVS in the basal
ganglia (BG) and centrum semiovale (CSO) were correlated with fint in the WMHs, BG, and CSO, respectively. fint was
4.2 � 1.7%, 7.0 � 4.1% and 13.6 � 7.7% in BG and 3.9 � 1.3%, 4.4 � 1.4% and 4.5 � 1.2% in CSO for the groups with
low, moderate, and high number of enlarged PVS, respectively, and increased with the extent of enlarged PVS (BG:
r = 0.49, P < 0.01; CSO: r = 0.23, P = 0.02). fint in the WMHs was 27.1 � 13.1%, and increased with the WMH volume
(r = 0.57, P < 0.01).
Data Conclusion: We revealed the presence of an intermediate diffusion component in lesion-prone regions of cSVD and
demonstrated its relation with enlarged PVS and WMHs. In tissue with these lesions, tissue degeneration or perivascular
edema can lead to more freely diffusing interstitial fluid contributing to fint.
Level of Evidence: 2
Technical Efficacy: Stage 2
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NONINVASIVE IMAGING can play an important role
in the management of cerebral small vessel disease

(cSVD), as it can provide in vivo pathophysiological informa-
tion, without having to rely on histopathology. In recent

years, intravoxel incoherent motion (IVIM) magnetic reso-
nance imaging (MRI) has received growing attention in brain
research.1 This noninvasive diffusion-weighted imaging tech-
nique is widely available on clinical scanners and is suggested
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to measure both diffusion and perfusion properties of cerebral
tissue.

Traditionally, two diffusion components are considered
to be present in brain IVIM, ie, parenchymal and microvas-
cular components, which arise from water diffusion in the
parenchyma and flow-mediated intravascular (pseudo) diffu-
sivity of microvascular blood,2 respectively. However, in
cSVD more components with distinct diffusion properties
can be hypothesized to be present in disordered tissues. For
instance, aberrant amounts of interstitial fluid (ISF), which
can diffuse more freely, can be observed in lesion-prone tissue
regions in cSVD (ie, where white matter hyperintensities
[WMHs] and enlarged perivascular spaces [PVS] may occur)
(Fig. 1).3 Recently, the nonnegative least-squares (NNLS)
method, which has no constraints on the number of compo-
nents, has been proposed for the analysis of the IVIM signal,
yielding a diffusion spectrum.4,5 Values for both the paren-
chymal diffusivity and microvascular perfusion can be
detected in this spectrum.

In lesion-prone regions, we hypothesized that an addi-
tional component, distinctive from both the parenchymal dif-
fusion and microvascular perfusion components, can be
visualized in the diffusion spectrum. The present study was
set up to improve IVIM analysis in pathologic cerebral tissue
by employing spectral analysis using NNLS to investigate the
presence of an additional component in the diffusion spec-
trum and its potential relation with cSVD-related lesions, in
terms of WMHs and MRI-visible enlarged PVS.

Materials and Methods
Standard Protocol Approval
This is a prospective study and was registered at trial register
NTR3786 and approved by the local Medical Ethics Committee.
The study was conducted in accordance with the Declaration of
Helsinki. All participants gave written informed consent prior to
inclusion.

Study Population
We studied 108 participants, including patients with clinically overt
cSVD (first ever lacunar stroke or mild vascular cognitive impairment
(mVCI))6 (n = 69, 69.8 � 10.6 years [mean � SD], 59.4% male) and
age- and sex-matched healthy controls (n = 39, 68.9 � 11.6 years,
59.0% male). Lacunar stroke patients were recruited from the stroke
unit. Lacunar stroke was defined as an acute stroke syndrome with a
compatible recent small subcortical infarct on brain MRI.6,7 If no such
lesion was visible on imaging, established criteria for lacunar stroke
syndrome were used. Exclusion criteria included a potential cardiac
embolic source (eg, atrial fibrillation) or symptomatic carotid stenosis
of ≥50%. Stroke patients were included at least 3 months poststroke to
avoid acute stroke changes. Patients with mVCI were recruited from
the outpatient clinic of the Department of Neurology and from the
Memory Clinic. Criteria of mVCI were met when patients had 1) sub-
jective complaints of cognitive functioning; 2) objective cognitive
impairment in at least one cognitive domain at neuropsychological test-
ing; 3) a Clinical Dementia Rating score of ≤1 and a Mini-Mental
State Examination (MMSE) score of ≥20; and 4) vascular lesions on
brain MRI that suggest a link between the cognitive deficit and cSVD.
To obtain a range in structural abnormalities, we included healthy
aging controls. Controls were matched on age and sex with patients
with cSVD and had no overt cerebrovascular diseases and cognitive
impairment (MMSE >24).

Image Acquisition
Participants underwent imaging on a 3T MR system (Achieva TX,
Philips Healthcare, Best, the Netherlands) employing a 32-element
head coil suitable for parallel imaging. For anatomical reference, a
T1-weighted pulse sequence was applied (repetition time / inversion
time / echo time [TR/TI/TE] 8.3/800/3.8 msec; field of view
[FOV] 256 × 256 × 160 mm3; 1.0 mm cubic voxel). To visualize
enlarged PVS, a T2-weighted fluid attenuated inversion recovery
(FLAIR) pulse sequence (TR/TI/TE 4800/1650/299 msec; FOV
256 × 256 × 180 mm3; 1.0 mm cubic voxel) and a T2-weighted
pulse sequence (TR/TE 2000/80 msec; FOV
230 × 143 × 184 mm3; 1.7 × 1.7 × 5.5 mm3 voxel) were
employed. IVIM imaging was performed using a Stejskal–Tanner

a b

FIGURE 1: A T2-weighted image (a) showing enlarged perivascular spaces (yellow arrows) and a schematic representation of a cross-
section of a capillary with enlarged perivascular space (b). Perivascular spaces are conduits surrounding perforating vessels
containing interstitial fluid and its visible enlargements are often observed in the basal ganglia and centrum semiovale.
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diffusion-weighted single-shot spin-echo echo-planar imaging (EPI)
pulse sequence (TR/TE = 6800/84 msec; FOV 221 × 269
× 139 mm3; 2.4 × 2.4 × 2.4 mm3 voxel size; acquisition time
5:13 min; anterior–posterior direction) as described previously.8

Prior to this sequence an inversion pulse (TI 2230 msec) was applied
to suppress the contamination by CSF. Fifteen diffusion-sensitive b-
values (0, 5, 7, 10, 15, 20, 30, 40, 50, 60, 100, 200, 400, 700, and
1000 s/mm2) were employed and two and three signal averages were
taken for b-value = 700 and 1000 s/mm2, respectively, to increase
the signal-to-noise-ratio.

Regions of Interest (ROIs)
The brain was automatically segmented (Freesurfer9) from which the
white matter, cortex, and deep gray matter could be selected.
WMHs were identified on a FLAIR image using a semiautomated
algorithm10 followed by visual corrections including the identifica-
tion of lacunar infarcts. Subsequently, the white matter was divided
into normal-appearing white matter (NAWM) and WMHs. The
basal ganglia (BG) and centrum semiovale (CSO) were selected as
ROIs, where PVS likely are present. BG was obtained by selecting
the caudate, putamen, pallidum, accumbens, and substantia nigra
and the CSO was defined as the NAWM superior to the lateral ven-
tricles. Lesions were excluded from both the BG and CSO. This
resulted in the ROIs: BG, CSO, WMHs, NAWM, and cortex.

Rating of Lesions
Enlarged PVS were rated by three raters (R.J.v.O., J.S., and
P.H.M.V., with 20, 10, and 0 years of experience, respectively) as
previously described.11 Briefly, enlarged PVS were defined as round-
or oval-shaped lesions (<3 mm) or linear-shaped lesions. Lesions had
a smooth margin, absence of mass effect, and signal intensity equal
to CSF on T2-weighted images. Moreover, when concurrently visible
on FLAIR images, lesions would appear hypointense without a
hyperintense rim.12 One slice and one hemisphere showing the most
PVS were selected for rating. Enlarged PVS were scored separately
for the BG and CS. Participants were divided into three categories:
low (number of PVS ≤10), moderate (10 < number of PVS < 25),
and high (number of PVS ≥25). The intraclass correlation coefficient
for the three raters was 0.73 (95% confidence interval
[CI] 0.61–0.82) and 0.77 (95% CI 0.66–0.84), for BG and CS,
respectively.

The total WMHs volume was calculated by taking the sum of
all voxels identified as WMHs on FLAIR images and multiplied by
the voxel volume (ie, 1 mm3). Subsequently, the relative WMH vol-
ume was calculated by dividing the WMH volume by the intracra-
nial volume. Subjects with a very low number of WMHs voxels (ie,
less than 20 voxels of WMHs) were excluded.

IVIM Analysis

IMAGE PREPROCESSING. IVIM images were corrected for head
displacements, EPI, and eddy current distortions (ExploreDTI
v. 4.8.3). Furthermore, they were aligned with T1-weighted images
and spatially smoothed with a 3 mm full-width-at-half-maximum
Gaussian kernel. Cross-modality registration was performed using
FLIRT from the FMRIB’s Software Library (FSL) v. 5.0.4 (https://
fsl.fmrib.ox.ac.uk/fsl/fslwiki).

IVIM CURVE FITTING. Traditionally, the IVIM signal is assumed
to decay biexponentially,2 which arises from two diffusivity compo-
nents: the parenchymal diffusivity D and intravascular diffusivity
D*. The corresponding signal decay equation, which accounts for
the applied inversion pulse and differences in longitudinal and trans-
verse relaxation times in tissue and blood, can be expressed as13:

S bð Þ
S 0ð Þ =

1− f perf
� �

E1,parE2,pare −bD + f perf E1,perfE2,perf e
−b D +D*ð Þ

1− f perf
� �

E1,parE2,par + f perf E1,perfE2,perf

ð1Þ

where S(b) represents the signal intensity at b-value b, fperf the
microvascular perfusion fraction, E1,k and E2,k denote the longitudi-
nal and transverse correction, respectively, for a specific compart-
ment k. We introduce these terms to facilitate easy notation.

E1,k for the parenchymal and intermediate diffusion compart-
ment is defined as:

E1,k = 1−2e
− TI
T 1,k + e

− TR
T 1,k

� �
,with k = par or int ð2Þ

In the case of flow, E1,k for the microvascular perfusion com-
partment can be defined as:

E1,perf = 1−e
− TR
T 1,perf

� �
: ð3Þ

E2,k for all three compartments is defined as:

E2,k = e
− TE
T 2,k k = par, int or perf ð4Þ

NNLS. The NNLS method has previously been employed to per-
form multiexponential signal analysis.14 The signal is considered to
be comprised of the sum of multiple components decaying exponen-
tially with diffusion coefficient D, which can be represented in a dis-
cretized form as follows:

S bið Þ
S 0ð Þ =

XM
j = 1

_aj � e −biDj , i = 1,…::,N ð5Þ

where Dj is the j-th diffusion coefficient, _aj the pertaining (relative

signal) amplitude of the basis function e −biDj , M the number of dif-
fusion coefficients between the imposed Dmin and Dmax, and N the
number of b-values. Note that no assumptions were made con-
cerning the number of components. Subsequently, Eq. 5 can be
numerically solved in a least-squares fashion. Here it is assumed that
_aj is nonnegative (ie, _aj ≥0), because a negative _aj has no physiologi-

cal meaning. Furthermore, a dictionary of D values was used ranging
from Dmin of 0.1�10-3 and Dmax of 1000�10-3 mm2/s with 200 loga-
rithmically scaled values.

SPECIFICATION OF D RANGES. Figure 2 shows typical diffu-
sion spectra of voxels in the NAWM and BG in patients with cSVD
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obtained using NNLS. The spectrum was divided into three ranges
based on the observed locations of the peaks. In both diffusion spec-
tra, a peak with 0.1 < D < 1.5�10-3 mm2/s can be seen which corre-
sponds with water diffusion in parenchyma14,15 (ie, parenchymal
diffusivity). Furthermore, another peak can be observed in the range
4.0 < D < 1000�10-3 mm2/s with intravascular diffusivity values at
least 10 times higher than parenchymal diffusivity,2 which are ter-
med microvascular perfusion. Moreover, in the spectrum obtained
within BG, an additional peak in between the parenchymal and
microvascular perfusion components (1.5 ≤ D ≤ 4.0�10-3 mm2/s)
can be observed. This peak is denoted as the intermediate diffusion
component Dint. We hypothesized that in lesion-prone regions this
peak is indicative of an aberrant amount of ISF, which has similar
diffusion properties as CSF (D = 3.0�10-3 mm2/s), but shorter T1

relaxation time. Due to the shorter T1 we assume that the ISF is not
suppressed by the inversion pulse, unlike CSF.

QUANTITATIVE MEASURES. To assess the contribution of the
intermediate diffusion component to the IVIM signal in a voxel, the
fraction of this component was quantified. We assumed that the
component represents a (physical) compartment and hence the
quantified fraction is representative for the volume fraction of the
compartment in a voxel. Hereafter, compartment instead of compo-
nent will be used when mentioned in the same context as the vol-
ume fraction. The fraction of the intermediate diffusion
compartment is defined as:

f int =C Aint ð6Þ

where fint is the volume fraction of the intermediate diffusion com-
partment, C is a correction factor accounting for the inversion pulse
and different longitudinal and transverse time of the compartment,
and Aint is the sum of (relative signal) amplitudes calculated by inte-
grating over all amplitudes in the intermediate diffusion D range
divided by the sum of all amplitudes.

PRESENCE OF THREE COMPARTMENTS. To quantify the
volume fractions, the sum of amplitudes of the parenchymal Apar,
the intermediate diffusion Aint, and microvascular perfusion com-
partment Aperf was calculated by integrating over all amplitudes in
the corresponding D range divided by the total integral over all
amplitudes of the complete spectrum. To account for the inversion
pulse and effects of longitudinal and transverse relaxation times for a
specific compartment, the amplitude Ak for a specific compartment
k is represented by the following equation:

Ak =
f k �E1,k �E2,k

P3
k = 1

f k �E1,k �E2,k

ð7Þ

where fk is the volume fraction for a specific compartment k, E1,k
and E2,k the transverse and longitudinal correction (Eqs. 2–4),
respectively, for a specific compartment. In the presence of peaks in
all three compartments fpar, fint, and fperf can be solved by using
Eq. 7 to formulate the following expression:

FIGURE 2: Diffusion spectra in which the diffusion coefficient Di with corresponding amplitude ai is depicted for a voxel in the
normal-appearing white matter (upper image) and in basal ganglia (lower image). A parenchymal and microvascular perfusion
component can be distinguished in both spectra. In the spectra obtained from a voxel in the basal ganglia an intermediate diffusion
component can be observed in between the parenchymal and microvascular components.
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f par �E1,par �E2,par
Apar

=
f int �E1,int �E2,int

Aint
=
f perf �E1,perf �E2,perf

Aperf
:

ð8Þ

The terms fpar, fint, and fperf denote the volume fractions,
which are present within 1 voxel, and by definition add up to 1. fpar
denotes the fraction that can be attributed to the parenchyma, fint is
the intermediate volume fraction, and fperf is the blood perfusion
fraction.

The expression above was obtained by using the fact that a
similar denominator is shared in Eq. 7 when calculating the ampli-
tude for each compartment. Assuming that the sum of fpar, fint, and
fperf is equal to 1, this leads to:

f par =
E1,intE1,perfE2, intE2,perf

d
Apar , ð9Þ

f int =
E1,parE1,perfE2,parE2,perf

d
Aint, ð10Þ

and

f p =
E1,parE1,intE2,parE2, int

d
Aperf ð11Þ

with

d =AparE1, intE1,perfE2, intE2,perf +AintE1,parE1,perfE2,parE2,perf
+ApE1,parE1, intE2,parE2, int

ð12Þ

PRESENCE OF TWO COMPARTMENTS. To provide a better,
educational insight, let us assume that only two compartments k = 1
and k = 2 (eg, 1 = par and 2 = int, 1 = par and 2 = perf or 1 = int
and 2 = perf) are present in the diffusion spectrum. The volume
fractions f1 and f2 are quantified using the following expression:

f 1 �E1,1 �E2,1
A1

=
f k2 �E1,2 �E2,2

A2
ð13Þ

Assuming that the sum of two compartments equals
1, leads to:

f 1 =
E1,2E2,2

d
�A1 ð14Þ

and

f 2 =
E1,1E2,1

d
�A2 ð15Þ

with

d =A1E1,2E2,2 +A2E1,1E2,2 ð16Þ

For the longitudinal and transverse relaxation time of paren-
chyma and blood, literature values were used: T1,par = 1081 msec,
T2,par = 95 msec, T1,perf = 1624 msec and T2,perf = 275
msec.15–17

T1 of the Intermediate Diffusion Compartment
To estimate the T1 of the intermediate diffusion compartment an
iterative calculation process was performed. The following relation
was used in the case of three compartments:

1
T 1,vox

= f par �
1

T 1,par
+ f int �

1
T 1, int

+ f perf �
1

T 1,perf
ð17Þ

where T1,vox is the T1 of the entire voxel calculated using T1-
mapping which has been described previously.6,18 The iterative pro-
cesses is initialized with calculating start values of fpar, fint, and fperf
by using a value for T1,0,int of 3000 msec and T2,0,int of 1500 msec
in Eq. 9–12. Here, the initial values of T1 and T2 of the intermedi-
ate diffusion component were chosen close to free water, since we
assume that the intermediate diffusion component may have compa-
rable properties to free water, as indicated previously. Subsequently,
the resulting fpar, fint, and fperf values are used in Eq. 17 to calculate
T1,int. Hereafter, T1,int was used to recalculate fpar, fint, and fperf in
Eqs. 9–12. This process is reiterated until the change in T1,int

between iterations is smaller than 10 msec. In case no convergence
of the change in T1,int takes place, an average T1,int from nearby
voxels that did converge, was used. A similar process is carried out
when two compartments (ie, intermediate diffusion and microvascu-
lar compartment or intermediate diffusion and parenchymal com-
partment) are present. Note that calculation of a T1,int is only
possible when the intermediate diffusion compartment is observed
in the spectrum.

Furthermore, Dint was calculated for all ROIs by taking the
geometrical mean D in the corresponding D range. Both fint and
Dint were calculated in a voxelwise manner and averaged per ROI.
In addition to its relative volume fraction, the IVIM technique
allows estimating ISF dynamics, ie, the diffusion coefficient and T1

relaxation time, which both will decrease as function of amount of
(waste) solutes.

Statistical Analysis
To assess the presence of the intermediate diffusion component,
the occurrence of various types of spectra were tallied and
explored. The relations between fint with enlarged PVS score in
BG and CSO, and with WMH volume in the WMHs, were stud-
ied using the Spearman’s rank order correlation rs. Furthermore,
to compare fint values between ROIs, normalized histograms of fint
for each ROI were calculated and averaged over all participants.
To explore the presence of the intermediate diffusion compart-
ment in the NAWM and cortex, the relation between fint and age
was investigated. All analyses were performed over the entire study
population. Significance was inferred when P < 0.05 (SPSS v. 22,
IBM, Armonk, NY).
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Results
BG and CSO
In Table 1, fint and Dint are presented for all ROIs. In the BG,
fint was 4.2 � 1.7% (mean � SD), 7.0 � 4.1% and
13.6 � 7.7% for the groups with a low (n = 66 subjects), mod-
erate (n = 28 subjects), and high number (n = 12 subjects) of
enlarged PVS, respectively. In the CSO, fint was 3.9 � 1.3%,
4.4 � 1.4%, and 4.5 � 1.2% for the groups with a low
(n = 36 subjects), moderate (n = 46 subjects), and high (n = 24
subjects) number of enlarged PVS, respectively. In the BG and
CSO, 22.0% and 26.0% of all voxels, respectively, contain a
spectrum with an intermediate diffusion component (details of
various spectra are given in Tables 2 and 3).

A larger fint in both the BG (rs = 0.49, P < 0.01) and
CSO (rs = 0.23, P = 0.02) was significantly correlated with a
higher number of enlarged PVS (Fig. 3 for BG). Maps of fint
are shown in Fig. 4.

The average T1 for the intermediate diffusion compo-
nent was 1.25 � 0.27 sec.

WMHs
In the WMHs, the largest percentage of brain tissue voxels
containing spectra with an intermediate diffusion component

(42.2%) and largest fint (27.14 � 13.13%) can be found
compared with other ROIs (Tables 1 and 2). The WMH vol-
ume for 64 patients with cSVD was 1.5 � 1.4% and for
24 controls was 0.6 � 0.8% relative to the total intracranial
volume. In Fig. 5, the WMH volume was plotted against fint.
A significant increase of fint with increasing WMH volume
was found (rs = 0.57, P < 0.01).

Normal-Appearing Tissue and Relation With Age
Also, the NAWM and cortex contain tissue voxels that show
spectra with an intermediate diffusion component (range:
20.9–22.5%, Table 2). We obtained a significant correlation
between fint in both the NAWM (rp = 0.37, P < 0.01) and
cortex (rp = 0.24, P = 0.01) with age. In Fig. 6, normalized
histograms are shown and in Table 1 mean values of fint are
given. Intermediate diffusion volume fractions fint were signif-
icantly lower for the NAWM than WMHs (P < 0.01) and
CSO (P < 0.01). Furthermore, fint for the cortex was lower
than for the BG (P < 0.01). Figure 7 shows a map of fint for
one slice of the entire brain. It can be appreciated that voxels
with high fint values strongly colocalized with WMHs.

Discussion
In the current study we employed IVIM imaging and spectral
analysis using the NNLS approach to study the presence of
an additional diffusion component. First, we detected an
intermediate diffusion component, which lies in between the
traditionally assumed parenchymal diffusion and microvascu-
lar components. This component was found in healthy aging
tissue as well as in tissue regions prone to the occurrence of
WMHs and MRI-visible enlarged PVS. Second, we showed
that the intermediate diffusion volume fraction fint was signif-
icantly correlated with both the number of enlarged PVS and
WMH volume. Third, the intermediate diffusion component
in normal-appearing tissue (ie, NAWM and cortex) had lower
volume fractions than in regions where structural abnormali-
ties of cSVD are expressed (ie, BG, CSO, and WMHs).

In our study, we demonstrated that the intermediate
diffusion volume fraction increased with the extent of

TABLE 1. Intermediate Diffusion Volume Fraction fint
and Intermediate Diffusivity DintI

fint (SD) % Dint (SD) �10-3 mm2/s

BG 6.0 (4.6) 2.4 (0.2)

CS 4.3 (1.3) 2.5 (0.1)

WMHs 27.1 (13.1) 2.0 (0.2)

NAWM 5.0 (1.4) 2.4 (0.1)

Cortex 4.3 (1.2) 2.5 (0.1)

BG = basal ganglia; CS = centrum semiovale; WMHs = white
matter hyperintensities; NAWM = normal appearing white
matter.

TABLE 2. Occurrence of Spectra in % (SD) With Various Combinations of Components

Tissue region Par only Perf only Par & Perf Spectra with Int

BG 21.1 (11.6) 2.0 (2.0) 53.4 (13.3) 22.0 (8.0)

CS 6.2 (5.6) 0.4 (0.7) 67.3 (8.4) 26.0 (6.6)

WMHs 7.5 (11.8) 10.9 (7.1) 36.2 (19.8) 42.2 (18.3)

NAWM 12.8 (8.0) 1.8 (0.8) 62.2 (6.8) 22.5 (4.1)

Cortex 11.9 (11.6) 0.9 (2.0) 66.0 (6.5) 20.9 (4.3)

Par = parenchymal component; Int = Intermediate diffusion component; Perf = perfusion component; BG = basal ganglia; CS = centrum
semiovale; WMHs = white matter hyperintensities; NAWM = normal-appearing white matter.
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enlarged PVS and WMH volume. This relation can be
explained as follows. In enlarged PVS, relatively large
amounts of ISF are present, which has been suggested to indi-
cate perivascular edema caused by an accumulation of blood-
borne products through an impaired blood–brain barrier
(BBB), one of the pathophysiological mechanisms involved in
cSVD.3,19–21 Perivascular edema may be toxic for brain cells
and can ultimately result in neuronal damage leading to
demyelination, which is typical for WMHs.20,22,23 Hence,
perivascular edema may precede tissue degeneration. In addi-
tion, an unusual amount of ISF is also observed in the
WMHs, which is likely related to the loosening of the white
matter tracts, the reduction in the number of oligodendro-
cytes, subtotal loss of myelin and axons,24,25 and

degeneration of the extracellular matrix.26 Due to the
increased space with ISF in impaired tissue, water diffusion is
less hindered than in healthy tissue, and a distinct component
with intermediate diffusion properties becomes apparent.
Therefore, we argue that the presence of the intermediate dif-
fusion component is indicative of the increased amount of
ISF, which can diffuse more freely in regions with enlarged
PVS and WMHs. Additionally, the T1 of the intermediate
diffusion volume fraction was in the expected range (ie,
between T1 of parenchyma and CSF), and therefore likely
indicative of an increased amount of (waste) solutes.

This could be indicative of an impaired glymphatic sys-
tem, which is a waste clearance mechanism named after its
involvement of glial cells and its functional resemblance to
the lymphatic system.27 The glymphatic system utilizes a sys-
tem of connecting PVS, to efficiently eliminate soluble pro-
teins and metabolites from the central nervous system. It has
been suggested that glymphatic dysfunction represents a fun-
damental constituent of cSVD.3 Although it has previously
been shown in the rat brain that diffusion MRI has the
potential for the assessment of perivascular fluid motion in
relation to the glymphatic system,28 whether the current clin-
ical application of NNLS-based IVIM can accurately detect
glymphatic failure remains to be investigated. For this, future
studies should combine these measures with assessments of
cardiac pulsatility (eg, pulsatility of small perforating
lenticulostriatal arteries29) and aquaporin-4 dependent fluid
movement.30 Additionally, it would be interesting to compare
the NNLS approach with methods that can separate diffusion
properties of brain tissue from surrounding free water while
mapping the free water volume.31

The intermediate diffusion volume fractions could also
be detected in normal-appearing tissue (ie, NAWM and cor-
tex), although these fractions were lower than those of regions
with structural abnormalities (ie, BG, CSO, and particularly
WMHs). We found a significant correlation between this vol-
ume fraction in normal-appearing tissue and age, which

TABLE 3. Occurrence of Spectra in % (SD) in Which an Intermediate Diffusion Component Is Present

Tissue region Par, Int & Perf Par & Int Int & Perf Int only

BG 45.2 (14.5) 46.1 (13.7) 5.0 (6.8) 3.7 (5.8)

CS 74.2 (14.2) 25.5 (14.1) 0.2 (0.9) 0.1 (0.3)

WMHs 43.3 (19.5) 26.2 (17.2) 21.7 (13.9) 8.9 (8.7)

NAWM 62.5 (11.4) 32.4 (10.9) 3.3 (2.0) 1.7 (1.6)

Cortex 65.6 (11.5) 29.7 (10.6) 3.6 (2.4) 1.1 (1.1)

Par = parenchymal component; Int = Intermediate diffusion component; Perf = perfusion component; BG = basal ganglia; CS = centrum
semiovale; WMHs = white matter hyperintensities; NAWM = normal-appearing white matter.
Note that in this table only spectra containing an intermediate diffusion component are considered.

FIGURE 3: Boxplots of the intermediate diffusion volume
fraction for the groups with low, moderate, and high number of
enlarged PVS in the basal ganglia. A larger fint was significantly
correlated (rs = 0.49, P < 0.01) with a higher number of
enlarged PVS.
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indicates an effect of normal aging. This is in line with the
association between decreasing tissue integrity,32 PVS
enlargement,33 and the declining clearance process of ISF by
the glymphatic system34 with aging.

The association of the intermediate diffusion compo-
nent fint with enlarged PVS was stronger for the BG than for
CSO, which could be due to a denser vasculature of the
BG.35 Furthermore, it has previously been suggested that dif-
ferent pathophysiological processes might underlie enlarged
PVS in the BG and CSO.36

Previously, other models have been proposed to extend
the two-compartment approach, including three-compartment

models to separate the parenchymal, microvascular perfusion,
and an additional component which is suggested to indicate
freely diffusing water,37,38 a model which decomposes the
microvascular flow into a fast and slow component39 and a
model that disentangles diffusive and ballistic parts.40 These
models differ from our approach. We argue that when fewer
components are present than assumed by these models, over-
fitting can potentially confound results. In contrast, the NNLS
method does not infer the number of components and is less
sensitive to overfitting. Nevertheless, a dedicated comparison
between the NNLS method and models with a fixed number
of components is needed to compare their performances, prefer-
ably in animal models where tissue specimens can be validated
microscopically.

Our study encompasses several strengths. First, the
applied IVIM method is widely available on clinical MRI
scanners, making the transition into the clinic feasible. Sec-
ond, fitting the curve with the NNLS method does not make
any assumptions on the number of components. Third, we
performed this method directly in a patient population for
whom it can be relevant; the intermediate diffusion volume
fraction can potentially aid in providing an early disease
marker for cSVD. Fourth, we employed an inversion pulse to
suppress the contamination of CSF, which harbors a fully
freely diffusing component. Lastly, our model accounts for
the influence of relaxation time for various components to

FIGURE 4: T1-weighted, T2-weighted images, and maps of intermediate diffusion volume fraction in the basal ganglia for a
participant (male, 67 years) with low (a-c, respectively) and a participant (female, 84 years) with high number of enlarged PVS (d–f,
respectively). More voxels with higher values of fint can be observed for the participant with a higher number of visible PVS.

FIGURE 5: Relation between the intermediate diffusion volume
fraction in the WMHs and relative WMH volume. A significant
correlation was observed (r_underscore(s) = 0.57, P < 0.01).
Please note that the regression line is only added for visualization.
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FIGURE 6: Normalized histograms of the white matter (top) divided into the normal-appearing white matter (NAWM) (black),
centrum semiovale (CS) (gray), and white matter hyperintensities (WMHs) (white), and gray matter (bottom) divided into the cortex
(black), and basal ganglia (gray). Higher values fint in the WMHs can be observed than in NAWM and CS, which originates from
spectra without a parenchymal compartment. Additionally, higher values of fint can be observed in the basal ganglia than in the
cortex. Note that we magnified certain regions of the histograms to better visualize bins with lower fractions and hence fractions
larger than 10.4% and 3.2% are not shown, for white matter and gray matter, respectively.

FIGURE 7: FLAIR image (a) and superimposed color-coded map of intermediate diffusion volume fractions (b) of a patient (male,
79 years) with cerebral small vessel disease. High values of intermediate diffusion volume fractions strongly colocalize with white
matter hyperintensities. Please note that pericortal regions with elevated intermediate diffusion volume fractions are likely due to
partial volume effects. For display purposes, the CSF in the ventricle has been masked out.
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estimate the actual volume fraction of the intermediate com-
partment rather than the signal fraction.

This study has also some limitations. The assumed one-
to-one relation between exponential components and micro-
scopic compartments and the definition of the compartments
can influence the absolute value of the volume fractions. Also,
physiological processes such as cardiac pulsatility might influ-
ence the magnitude of the volume fractions.

Our approach assumes T1 and T2 relaxation properties
from the literature, and that these are regionally invariant
within specific compartments. Future studies should obtain
accurate, quantitative relaxation estimates that also incorpo-
rate regional differences.

Furthermore, IVIM imaging was only performed in one
direction. Recently, it has been demonstrated that the vascu-
lar components are dependent on the diffusion-sensitizing
direction, which might have an effect on the absolute quanti-
fication of the intermediate diffusion volume fraction.41 Nev-
ertheless, our study performed in one diffusion-sensitizing
direction offers preliminary results showing the merit of the
NNLS method in analyzing the IVIM signal in cSVD.

In conclusion, using the NNLS method in IVIM we
identified and quantified an intermediate diffusion compo-
nent in cSVD. We showed the relation between the interme-
diate volume fraction with WMHs and enlarged PVS and
argued that it could potentially be indicative of aberrant
amounts of ISF in degenerated tissue or perivascular edema
preceding tissue degeneration. Moreover, we demonstrated
that the intermediate diffusion volume fraction was also pre-
sent (although with lower values) in normal-appearing tissue
of patients with cSVD and the healthy elderly. Hence, the
intermediate diffusion volume fraction can potentially func-
tion as a quantitative imaging biomarker of tissue degenera-
tion in cSVD, potentially linked to glymphatic dysfunction.
Longitudinal studies are required to further investigate the
precise nature of the intermediate diffusion volume fraction.

Acknowledgment
Contract grant sponsor: European Union’s Horizon 2020
research and innovation programme; Contract grant number:
666881; Contract grant sponsor: SVDs@target, NWO
(Netherlands Organization for Scientific Research); Contract
grant number: 017.009.048; Contract grant sponsor: Her-
senstichting; Contract grant number: 2013(1)-195; Contract
grant sponsor: Stichting de Weijerhorst Foundation. These
funds did not have a role in the study process and did not
contribute to the article.

References
1. Iima M, Le Bihan D. Clinical intravoxel incoherent motion and diffusion

MR imaging: Past, present, and future. Radiology 2016;278:13–32.

2. Le Bihan D, Breton E, Lallemand D, Aubin ML, Vignaud J, Laval-
Jeantet M. Separation of diffusion and perfusion in intravoxel incoher-
ent motion MR imaging. Radiology 1988;168:497–505.

3. Mestre H, Kostrikov S, Mehta RI, Nedergaard M. Perivascular spaces,
glymphatic dysfunction, and small vessel disease. Clin Sci (Lond) 2017;
131:2257–2274.

4. De Luca A, Leemans A, Bertoldo A, Arrigoni F, Froeling M. A robust
deconvolution method to disentangle multiple water pools in diffusion
MRI. NMR Biomed 2018:e3965.

5. Keil VC, Madler B, Gielen GH, et al. Intravoxel incoherent motion MRI
in the brain: Impact of the fitting model on perfusion fraction and lesion
differentiability. J Magn Reson Imaging 2017;46:1187–1199.

6. Zhang CE, Wong SM, van de Haar HJ, et al. Blood-brain barrier leak-
age is more widespread in patients with cerebral small vessel disease.
Neurology 2017;88:426–432.

7. Zhang CE, van Raak EP, Rouhl RP, et al. Metabolic syndrome relates to
lacunar stroke without white matter lesions: A study in first-ever lacunar
stroke patients. Cerebrovasc Dis 2010;29:503–507.

8. Wong SM, Zhang CE, van Bussel FC, et al. Simultaneous investigation
of microvasculature and parenchyma in cerebral small vessel disease
using intravoxel incoherent motion imaging. Neuroimage Clin 2017;14:
216–221.

9. Fischl B, Salat DH, Busa E, Albert M, Dieterich M, Haselgrove Ca.
Whole brain segmentation: Automated labeling of neuroanatomical
structures in the human brain. Neuron 2002;33:341–355.

10. de Boer R, Vrooman H, van der Lijn F, et al. White matter lesion exten-
sion to automatic brain tissue segmentation on MRI. NeuroImage
2009;45:1151–1161.

11. Doubal FN, MacLullich AM, Ferguson KJ, Dennis MS, Wardlaw JM.
Enlarged perivascular spaces on MRI are a feature of cerebral small
vessel disease. Stroke 2010;41:450–454.

12. Wardlaw JM, Smith EE, Biessels GJ, et al. Neuroimaging standards for
research into small vessel disease and its contribution to ageing and
neurodegeneration. Lancet Neurol 2013;12:822–838.

13. Hales PW, Clark C. Combined arterial spin labeling and diffusion-
weighted imaging for noninvasive estimation of capillary volume frac-
tion and permeability-surface product in the human brain. J Cereb
Blood Flow Metab 2013;33:67–75.

14. Whittall KP, MacKay AL. Quantitative interpretation of NMR relaxation
data. Journal of Magnetic Resonance (1969) 1989;84:134–152.

15. Lu H, Clingman C, Golay X, van Zijl PC. Determining the longitudinal
relaxation time (T1) of blood at 3.0 Tesla. Magn Reson Med 2004;52:
679–682.

16. Simon JE, Czechowsky DK, Hill MD, Harris AD, Buchan AM, Frayne R.
Fluid-attenuated inversion recovery preparation: Not an improvement
over conventional diffusion-weighted imaging at 3T in acute ischemic
stroke. AJNR Am J Neuroradiol 2004;25:1653–1658.

17. Wansapura JP, Holland SK, Dunn RS, Ball WS Jr. NMR relaxation times
in the human brain at 3.0 Tesla. J Magn Reson Imaging 1999;9:
531–538.

18. Wong SM, Jansen JFA, Zhang CE, et al. Measuring subtle leakage of
the blood-brain barrier in cerebrovascular disease with DCE-MRI: Test-
retest reproducibility and its influencing factors. J Magn Reson Imaging
2017;46:159–166.

19. Lammie GA, Brannan F, Slattery J, Warlow C. Nonhypertensive cere-
bral small-vessel disease. An autopsy study. Stroke 1997;28:
2222–2229.

20. Rosenberg GA, Sullivan N, Esiri MM. White matter damage is associ-
ated with matrix metalloproteinases in vascular dementia. Stroke 2001;
32:1162–1169.

21. Wardlaw JM, Smith C, Dichgans M. Mechanisms of sporadic cerebral
small vessel disease: Insights from neuroimaging. Lancet Neurol 2013;
12:483–497.

22. Lammie GA, Brannan F, Wardlaw JM. Incomplete lacunar infarction
(Type Ib lacunes). Acta Neuropathol 1998;96:163–171.

April 2020 1179

Wong et al.: Spectral Diffusion Analysis in cSVD



23. Wardlaw JM, Pantoni L. Sporadic small vessel disease: Pathogenic
aspects. In: Pantoni L, Gorelick LB, editors. Cerebral Small Vessel Dis-
ease. 1st ed. Cambridge, UK: Cambridge University Press; 2014. p
52–63.

24. Esiri M, Englund E. Chapter 3: Ischemic consequences of SVD on brain
parenchyma: Pathologic aspects. In: Pantoni L, Gorelick LB, editors.
Cerebral Small Vessel Disease. 1st ed. Cambridge, UK: Cambridge
University Press; 2014. p 16–28.

25. Wardlaw JMa. What are white matter hyperintensities made of? Rele-
vance to vascular cognitive impairment. J Am Heart Assoc 2015;
4:1–19.

26. del Zoppo G, Hawkins BT. The neurovascular unit and possible influ-
ences on cerebral small vessel disease. In: Pantoni L, Gorelick LB,
editors. Cerebral Small Vessel Disease. 1st ed. Cambridge, UK: Cam-
bridge University Press; 2014. p 99–115.

27. Plog BA, Nedergaard M. The glymphatic system in central nervous sys-
tem health and disease: Past, present, and future. Annu Rev Pathol
2018;13:379–394.

28. Harrison IF, Siow B, Akilo AB, et al. Non-invasive imaging of CSF-
mediated brain clearance pathways via assessment of perivascular fluid
movement with DTI MRI. Elife 2018;7.

29. Schnerr RS, Jansen JFA, Uludag K, et al. Pulsatility of lenticulostriate
arteries assessed by 7 Tesla flow MRI—Measurement, reproducibility,
and applicability to aging effect. Front Physiol 2017;8:961.

30. Abbott NJ, Pizzo ME, Preston JE, Janigro D, Thorne RG. The role of
brain barriers in fluid movement in the CNS: Is there a ’glymphatic’ sys-
tem? Acta Neuropathol 2018;135:387–407.

31. Pasternak O, Sochen N, Gur Y, Intrator N, Assaf Y. Free water elimina-
tion and mapping from diffusion MRI. Magn Reson Med 2009;62:
717–730.

32. Munoz Maniega S, Chappell FM, Valdes Hernandez MC, et al. Integrity
of normal-appearing white matter: Influence of age, visible lesion

burden and hypertension in patients with small-vessel disease. J Cereb
Blood Flow Metab 2017;37:644–656.

33. Zhu Y-C, Tzourio C, Soumar. Severity of dilated Virchow-Robin spaces
is associated with age, blood pressure, and MRI markers of small vessel
disease. Stroke 2010;41:2483–2490.

34. Jessen NA, Munk AS, Lundgaard I, Nedergaard M. The glymphatic sys-
tem: A beginner’s guide. Neurochem Res 2015;40:2583–2599.

35. Djulejic V, Marinkovic S, Georgievski B, et al. Clinical significance of
blood supply to the internal capsule and basal ganglia. J Clin Neurosci
2016;25:19–26.

36. Charidimou A, Meegahage R, Fox Z, et al. Enlarged perivascular
spaces as a marker of underlying arteriopathy in intracerebral
haemorrhage: A multicentre MRI cohort study. J Neurol Neurosurg Psy-
chiatry 2013;84:624–629.

37. Hayashi T, Miyati T, Takahashi J, et al. Diffusion analysis with
triexponential function in liver cirrhosis. J Magn Reson Imaging 2013;
38:148–153.

38. Rydhg AS, Szczepankiewicz F, Wirestam R, et al. Separating blood and
water: Perfusion and free water elimination from diffusion MRI in the
human brain. NeuroImage 2017;156:423–434.

39. Fournet G, Li JR, Cerjanic AM, Sutton BP, Ciobanu L, Le Bihan D. A
two-pool model to describe the IVIM cerebral perfusion. J Cereb Blood
Flow Metab 2017;37:2987–3000.

40. Ahlgren A, Knutsson L, Wirestam R, et al. Quantification of microcircu-
latory parameters by joint analysis of flow-compensated and non-flow-
compensated intravoxel incoherent motion (IVIM) data. NMR Biomed
2016;29:640–649.

41. Finkenstaedt T, Klarhoefer M, Eberhardt C, et al. The IVIM signal in the
healthy cerebral gray matter: A play of spherical and non-spherical
components. NeuroImage 2017;152:340–347.

1180 Volume 51, No. 4

Journal of Magnetic Resonance Imaging


	 Spectral Diffusion Analysis of Intravoxel Incoherent Motion MRI in Cerebral Small Vessel Disease
	Materials and Methods
	Standard Protocol Approval
	Study Population
	Image Acquisition
	Regions of Interest (ROIs)
	Rating of Lesions
	IVIM Analysis
	Image Preprocessing
	IVIM Curve Fitting
	NNLS
	Specification of D Ranges
	Quantitative Measures
	Presence of Three Compartments
	Presence of Two Compartments

	T1 of the Intermediate Diffusion Compartment
	Statistical Analysis

	Results
	BG and CSO
	WMHs
	Normal-Appearing Tissue and Relation With Age

	Discussion
	Acknowledgment
	References


