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White matter hyperintensities of presumed vascular origin are frequently observed on magnetic resonance imaging in normal aging.

They are typically found in cerebral small vessel disease and suspected culprits in the etiology of complex age- and small vessel dis-

ease-related conditions, such as late-onset depression. White matter hyperintensities may interfere with surrounding white matter

metabolic demands by disrupting fiber tract integrity. Meanwhile, risk factors for small vessel disease are thought to reduce tissue

oxygenation, not only by reducing regional blood supply, but also by impairing capillary function. To address white matter oxygen

supply–demand balance, we estimated voxel-wise capillary density as an index of resting white matter metabolism, and combined

estimates of blood supply and capillary function to calculate white matter oxygen availability. We conducted a cross-sectional

study with structural, perfusion- and diffusion-weighted magnetic resonance imaging in 21 patients with late-onset depression and

21 controls. We outlined white matter hyperintensities and used tractography to identify the tracts they intersect. Perfusion data

comprised cerebral blood flow, blood volume, mean transit time and relative transit time heterogeneity—the latter a marker of ca-

pillary dysfunction. Based on these, white matter oxygenation was calculated as the steady state cerebral metabolic rate of oxygen

under the assumption of normal tissue oxygen tension and vice versa. The number, volume and perfusion characteristics of white

matter hyperintensities did not differ significantly between groups. Hemodynamic data showed white matter hyperintensities to

have lower blood flow and blood volume, but higher relative transit time heterogeneity, than normal-appearing white matter,

resulting in either reduced capillary metabolic rate of oxygen or oxygen tension. Intersected tracts showed significantly lower blood

flow, blood volume and capillary metabolic rate of oxygen than normal-appearing white matter. Across groups, lower lesion oxy-

gen tension was associated with higher lesion number and volume. Compared with normal-appearing white matter, tissue oxygen-

ation is significantly reduced in white matter hyperintensities as well as the fiber tracts they intersect, independent of parallel

late-onset depression. In white matter hyperintensities, reduced microvascular blood volume and concomitant capillary dysfunction

indicate a severe oxygen supply–demand imbalance with hypoxic tissue injury. In intersected fiber tracts, parallel reductions in oxy-

genation and microvascular blood volume are consistent with adaptations to reduced metabolic demands. We speculate, that aging

and vascular risk factors impair white matter hyperintensity perfusion and capillary function to create hypoxic tissue injury, which

in turn affect the function and metabolic demands of the white matter tracts they disrupt.
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Introduction
Cerebral white matter hyperintensities (WMHs), also

known as white matter lesions, are frequent findings on

T2-weighted magnetic resonance imaging (MRI) in the

elderly, with a reported prevalence of up to �95% in

large population-based studies of people aged 60–65 and

older (Longstreth et al., 1996; de Leeuw et al., 2001;

Fernando and Ince, 2004). Once considered an incidental

finding, increasing evidence over the past decades prove

that the presence and extent of WMHs play an important

role in cognitive and functional impairment (Pantoni,

2010; Prins and Scheltens, 2015). Higher prevalence of

WMHs are associated with increased risk of stroke,

dementia, late-life depression and death (Herrmann et al.,

2007; Debette and Markus, 2010; van Agtmaal et al.,
2017), yet this risk may be modifiable as reflected by the

close association between WHMs and vascular risk fac-

tors, such as hypertension, diabetes and smoking

(Pantoni, 2010). Studies in depression suggest that

WMHs are associated with depression severity (Sheline

et al., 2010), persistence of cognitive impairment (Kohler

et al., 2010), greater risk of subsequent dementia

(Steffens et al., 2007) and poor treatment response in the

elderly (Hickie et al., 1995; Steffens et al., 2001; Taylor

et al., 2003; Chen et al., 2006; Iosifescu et al., 2006).

The pathogenesis of WMHs is complex and not yet

fully established—for a comprehensive review, see
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(Wardlaw et al., 2013). In general, WMHs are considered

a marker of cerebral small vessel disease (SVD) which

also entails small subcortical infarcts, lacunes, micro-

bleeds, enlarged perivascular spaces (Virchow–Robin

spaces) and brain atrophy (Wardlaw et al., 2013). SVD

may result from a range of pathological processes that af-

fect the small arteries, arterioles, capillaries, venules and

small veins of the brain (Ostergaard et al., 2016). In par-

ticular, the involvement of capillaries are thought to re-

sult in disturbed blood brain barrier permeability and

transient, repeated episodes of white matter hypoperfu-

sion, perivascular alterations and eventually demyelin-

ation, loss of oligodendrocytes and axonal damage

(Pantoni and Garcia, 1997; Pantoni, 2010; Iadecola,

2013), which may manifest themselves as WMHs on

MRI. However, the association between WMH ‘load’

(i.e. number and volume) and localization on one hand,

and their impact on brain connectivity and function on

the other, is still incompletely understood.

The neuroimaging characteristics of WMHs include ele-

vated longitudinal relaxation time (T1) on conventional

MRI, reduced magnetization transfer ratio and reduced

fractional anisotropy with elevated mean diffusivity and/

or apparent diffusion coefficient as observed by diffusion-

weighted MRI (Fazekas et al., 2005; Bastin et al., 2009;

Dalby et al., 2010b; Maniega et al., 2015). These

changes reflect demyelination and axonal loss, both in

the WMHs themselves and in the surrounding white mat-

ter—the latter also referred to as the WMH ‘penumbra’

(Maillard et al., 2011). Thanks to these methods, altered

interstitial fluid mobility has emerged as an early feature

in the chain of events that lead to WMHs, as it seeming-

ly precedes demyelination and axonal damage (de Groot

et al., 2013; Wardlaw et al., 2015). Perfusion MRI stud-

ies have shown reduced cerebral blood flow (CBF) in

areas of WMHs (Markus et al., 2000; O’Sullivan et al.,

2002), but the interpretation of perfusion data is made

difficult by the fact that CBF is closely regulated to meet

local metabolic demands, even in disease. As a result, it

remains unclear whether tissue damage is the result of

CBF reductions, or vice versa (Wardlaw et al., 2015).

In normal brain, both capillary density and resting CBF

are closely coupled to local, resting metabolic demands in

both grey and white matter (Klein et al., 1986; Borowsky

and Collins, 1989). While neurovascular coupling mecha-

nisms adjust CBF according to second-by-second changes

in the metabolic demands of brain tissue (Iadecola,

2004), oxygen-sensing mechanisms adapt capillary density

according to local metabolic demands in the developing

and adult brain (Markham and Greenough, 2004; Zhao

et al., 2008). This physiological neurovascular remodel-

ling mechanism includes the activation of hypoxia-indu-

cible factors, but seemingly fails in SVD: Although

WMHs reveal histological evidence of hypoxia and upre-

gulated hypoxia-inducible factor levels in human autopsy

studies (Fernando et al., 2006), their capillary density,

paradoxically, remains low (Brown et al., 2007; Brown

and Thore, 2011). Taken together, there is reason to be-

lieve that capillary density is uncoupled from either or

both CBF and metabolic demands within WMHs and

that any effects of WMHs on the metabolism of the fiber

tracts they disrupt would lead to a coupled reduction in

capillary density and CBF within unaffected, normal-

appearing white matter (NAWM).

Until recently, knowledge of CBF, capillary density, and

capillary wall oxygen permeability was thought to suffice

to infer tissue oxygenation (Renkin, 1985). However, a re-

cent reappraisal of the relation between CBF and tissue

oxygenation (Jespersen and Ostergaard, 2012; Angleys

et al., 2015; Rasmussen et al., 2015) shows that capillary

flow patterns profoundly affect the extraction of oxygen

from blood at a given blood supply. Cardiovascular risk

factors, such as hypertension, diabetes and low-grade in-

flammation, can therefore critically reduce the oxygen

availability by disturbing capillary flow patterns in terms

of increasing the ‘shunting’ of oxygenated blood though

microcirculation. This phenomenon, ‘capillary dysfunction’

(Ostergaard et al., 2013a), has now been implicated in the

pathophysiology of dementia (Eskildsen et al., 2017;

Nielsen et al., 2017), ischemia (Ostergaard et al., 2015;

Engedal et al., 2018) and inherited white matter disease

(Lauer et al., 2017) by specialized perfusion MRI tecniques

(Mouridsen et al., 2014). Given the evidence of capillary

changes in SVD (Ostergaard et al., 2016), we speculate,

that capillary dysfunction reduces oxygen availability with-

in WMHs, over and beyond the effects of altered perfu-

sion and capillary density.

We have previously characterized age-related WMHs,

intersected white matter tracts, and NAWM as part of a

study of WMHs in late-onset depression (Dalby et al.,

2010a, b). In this study cohort, patients and their age-

and gender-matched controls show similar WMH load

and volume, while patients tend to have ‘strategic’

WMHs that disrupt fiber tracts connecting regions impli-

cated in cognition and mood regulation. Importantly,

across all study participants, MRI indices of white matter

molecular and cellular integrity, including the magnetiza-

tion transfer ratio, apparent diffusion coefficient, and

fractional anisotropy of water diffusion, revealed signifi-

cant differences between WMHs, the white matter tracts

they intersect, and NAWM, respectively. We therefore

hypothesized, that these microstructural changes would

be paralleled by hemodynamic changes across the white

matter compartments. Conversely, we did not expect to

find depression-related differences in white matter

hemodynamics.

Materials and methods

Subjects

The study population is previously described elsewhere

(Dalby et al., 2010a). In brief, we examined 22 patients
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with late-onset first-episode major depression and 22 age-

and gender-matched controls with no history of psychi-

atric illness. All patients fulfilled the criteria for moderate

to severe depression according to International

Classification of Diseases, 10th revision (ICD-10) (World

Health Organization, 1993) and major depression according

to Diagnostic and Statistical Manual of Mental Disorders,

4th edition (DSM-IV) (American Psychiatric Association,

2000). We defined late-onset as age 50 years or older at the

time of diagnosis. Information on medication, including

antidepressants, and vascular risk factors, such as hyperten-

sion, hypercholesterolemia, diabetes, cardiovascular disease

and smoking (current, past or never) including tobacco

years, was collected through clinical interview, medical

records, blood samples and electrocardiogram, as previously

described (Dalby et al., 2010a). We calculated a composite

vascular risk factor score and estimated the Framingham

10-year stroke risk, as defined in the Framingham Study

(Wolf et al., 1991). All subjects gave written informed con-

sent, and the study was conducted after approval by the re-

gional ethical committee and in accordance with the

Declaration of Helsinki (World Medical Association, 2008).

Magnetic resonance imaging

All subjects were scanned on a 3 Tesla GE Signa HDx

scanner (GE Medical Systems, Milwaukee, WI, USA). The

MRI protocol included 3 D T1-weighted imaging, T2-

weighted imaging with a fluid-attenuated inversion recovery

(FLAIR) sequence, diffusion-weighted imaging and dynamic

susceptibility contrast perfusion-weighted imaging. Results

of the diffusion-weighted imaging analyses are described in

(Dalby et al., 2010b). Perfusion imaging was performed

with gradient echo (GRE) and spin echo (SE) echo-planar

imaging sequences during a bolus injection of 0.1 and

0.2 mmol/kg contrast media (GadovistV
R

1.0 M; Bayer AG,

Berlin, Germany) for the GRE and SE echo-planar imaging

sequences, respectively. Image acquisition parameters for

both sequences comprised slice thickness 5 mm, gap

1.5 mm, 1.88 mm in-plane resolution and TR 1500 ms,

while TE was 30 s for GRE and 60 s for SE. The flip angle

for GRE was 60�. The contrast bolus was injected after 15

repetitions and immediately followed by injection of 30 ml

of physiological saline at a rate of 5 ml/s. A total of 50

repetitions were performed. Bolus injection was delivered in

the right antecubital vein for all subjects, except for one

patient and two controls where difficult intravenous access

required insertion into the left antecubital vein. Total MRI

protocol acquisition time was �50 min.

White matter hyperintensities and
tractography

We defined WMHs as hyperintensities on FLAIR images

without cavitation (Wardlaw et al., 2013). Subcortical/

deep and periventricular WMHs were identified on the

FLAIR images by an experienced neuroradiologist (L.S.),

blinded to subject status, and were initially graded

according to Fazekas’ scale (Fazekas et al., 1987), where

subcortical/deep WMHs reflect a continuum of increasing

severity of tissue damage, depending on lesion size,

whereas punctate WMHs are considered of nonischemic

origin and mostly confined to widening of perivascular

spaces, early confluent and confluent WMHs reflect vary-

ing degrees of demyelination, axonal loss and gliosis

(Fazekas et al., 1993). Subcortical/deep WMHs were

manually labelled on the FLAIR images of each subject

using the Display software (McConnell Brain Imaging

Centre, MNI, McGill University, Montreal, QC, Canada)

and resampled to binary WMH masks. In addition to

hemispheric cerebral white matter, the term ‘deep’

WMHs here included the deep grey matter and brain-

stem. Periventricular WMHs were not labelled, as the

vast majority of subjects displayed only caps, lines or

small halos, corresponding to a Fazekas score of 0–2,

which reflects disruptions of the ependymal lining with

subependymal gliosis and concomitant loss of myelin, but

no ischemic pathology (Fazekas et al., 1998).

The diffusion tensor imaging sequence scan was per-

formed using double SE single shot echo-planar imaging

with 26 gradient directions (b¼ 1000 s/mm2) and 6 (b¼ 0

s/mm2) acquisitions. Diffusion tensor imaging tractography

was performed using in-house implementation of the fiber

assignment with continuous tracking algorithm (Mori

et al., 1999; Mori and van Zijl, 2002) with stopping crite-

ria of fractional anisotropy <0.15 and angle between

neighbouring primary diffusion direction <45�. Tracking

was initiated from the centre of every voxel in the brain.

The FLAIR images were registered to the diffusion tensor

imaging (b¼ 0) images and the binary WMH masks were

applied to identify the fiber tracts intersecting one or more

WMHs as described in more detail elsewhere (Dalby

et al., 2010b; see also illustration in Fig. 1). Subsequently,

the WMH masks were excluded from the tract masks to

avoid overlapping compartments for perfusions measure-

ments. Segmentation of total white matter was obtained

by processing the T1-weigthed images using a standardized

pipeline (Aubert-Broche et al., 2013). From this white mat-

ter mask the segmented WMHs and tracking masks were

subtracted to obtain a mask for NAWM. WMH count,

volume and load was calculated in FLAIR image space to

avoid artefacts from resampling to T1 space. We com-

pared WMH count, volume and load between groups in

the following standard anatomical regions of interest

(ROIs): Whole brain; frontal, temporal, parietal and oc-

cipital white matter; cerebellum and brainstem. To account

for central areas involved in cognition we also included

the hippocampus and deep grey matter structures including

the thalamus and basal ganglia, the latter subdivided into

the caudate nucleus, putamen, globus pallidus and subtha-

lamic nucleus. The substantia nigra and nucleus accumbens

were not included in the ROI volumes due to their di-

minutive size. WMH load was calculated as % WMH vol-

ume of the predefined ROI volumes.
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Perfusion maps

We calculated parametric perfusion maps based on de-

convolution of each image voxel’s tissue concentration–

time curve with the arterial input function (Mouridsen

et al., 2006a; Mouridsen et al., 2006b; Mouridsen et al.,
2014). Cerebral blood volume (CBV) in each voxel was

determined as the area under the concentration–time

curve, while capillary mean transit time (MTT) and capil-

lary transit time heterogeneity (CTH) were determined as

the mean and standard deviation of the transit time dis-

tributions estimated during the deconvolution procedure.

By affecting oxygen extraction efficacy for a given blood

supply, CTH acts in concert with CBF to determine net

oxygen availability and hence the balance between tissue

oxygen metabolism and tissue oxygen tension (PtO2) in

steady state (Jespersen and Ostergaard, 2012). Thus, for

a given tissue PtO2, the oxygen extraction fraction (OEF)

can be calculated from MTT and CTH (Jespersen and

Ostergaard, 2012), and the steady state cerebral metabol-

ic rate of oxygen (CMRO2) under these conditions as

OEFxCBF, where CBF is related to MTT through the

central volume theorem: CBF ¼ CBV/MTT. CBF was in-

dependently estimated in the deconvolution process. The

relative transit time heterogeneity (RTH) was calculated

as the CTH:MTT ratio. RTH depends on both the top-

ology and hemodynamic functioning of the microvascular

bed, both of which may affect oxygen extraction efficacy

for a given CBF. Because parametric CBV, CBF and

CMRO2 maps are relative rather than absolute, we nor-

malized them (termed nCBV, nCBF and nCMRO2) to

whole-brain values by dividing the median values for

each ROI with the median value of the whole-brain mask

for each subject.

The CMRO2 values calculated above assume a fixed,

normal tissue PtO2 of 25 mmHg. If local hemodynamics

deteriorate, sustained oxygen utilization causes OEF to

increase and PtO2 to drop, as observed in ischemia and

indeed SVD (Meguro et al., 1990; Yamauchi et al., 1991;

Yao et al., 1992). To ascertain whether local hemo-

dynamics suffice to support normal tissue metabolism,

only at the expense of relative tissue hypoxia, we esti-

mated the resulting PtO2 at a normal CMRO2 of 2.5 ml/

100 ml/min, derived from quantitative hemispheric posi-

tron emission tomography data (Sette et al., 1989). If the

PtO2 required to achieve this oxygen utilization was low,

local hemodynamics was taken to indicate either tissue

hypoxia or local hypometabolism. Since SE data more

closely reflect capillary hemodynamics than GRE

(Boxerman et al., 1995), the CMRO2, OEF and PtO2 cal-

culations were performed only for the SE data.

Median values of nCBF, nCBV, MTT, CTH, RTH,

nCMRO2, OEF and PtO2 (the three latter only for SE

data) were extracted from each individual’s corresponding

parametric maps in (i) total and individual WMHs, (ii)

fiber tracts intersected by WMHs and (iii) NAWM.

Perfusion data were not obtainable for WMHs localized in

close proximity to air-filled sinuses due to image artefacts.

Retinal photography

The retinal and cerebral microvasculature is subjected to

similar vascular regulatory processes, including autoregu-

lation (Patton et al., 2005), although retinal vessels lack

autonomic innervation (Laties, 1967). Retinal microvascu-

lar changes show some associations with cerebral SVD

changes, such as WMHs and stroke (Sharrett, 2007), and

we therefore obtained retinal photographs to further

characterize cerebral microvascular disease changes across

subjects and groups. Following administration of tropica-

mide 1% (Alcon, Rødovre, Denmark) and phenylephrine

Figure 1 Illustration of tractography procedure. (1) Subcortical/deep WHMs were manually labelled (green) for each subject and dilated

one voxel in each direction, here superimposed on a T1-weighted dataset, and saved as binary WMH masks. (2) Tracking was initiated from the

centre of every voxel in the brain and as such independent of ROIs. By applying the segmented binary WMH mask to the tractography map for

each subject, we identified tracts intersected by one or more WMHs (illustrated by red tracts). (3) The tracts intersected by WMHs were saved

as binary tracking masks for each subject, with each voxel assigned a value of 0 (no tract) or 1 (tract intersecting one or more WMHs). For visual

purpose the resulting binary tracking mask in this example is labelled red with different colour intensity, reflecting the underlying ** fractional

anisotropy FA value range. (4) An example of a binary tracking mask, representing fiber tracts intersected by one or more WMHs, presented as

a projection of the 3D tracts onto the subject’s own T1-weighted data set. A more detailed description of the procedure is given in Dalby et al.

(2010b).
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10% (SAD, Copenhagen, Denmark) to both eyes, we per-

formed 60� fundus photography using a Canon CF 60Z

camera (Canon, Amstelveen, Holland) with one photo-

graph centred on the fovea and another centred on the

optic disk (Supplementary Fig. 1). Diapositives were then

digitized in 2400 � 2400 dpi resolution using a HP dia-

positive scanner (Hewlett-Packard, Palo Alto, CA, USA)

and analysed in Corel Draw, version 11 (Corel,

Maidenhead, UK) at �64 magnifications by a person

(P.J.) blinded to the identity of the study subjects. For

each eye, the diameter of the superior and inferior tem-

poral retinal arterioles and venules were measured manu-

ally using a built-in ruler. Measurements were conducted

as close as possible to the optic disk, while requiring that

arteriole and venule are unbranched and clearly separated

from other vessels. Finally, for each set of vessels, the

ratio between the arteriolar and the venular diameter (the

arterio-venous ratio (AV ratio)) was calculated, giving a

total of 4 AV ratios per subject, i.e. one superior and in-

ferior AV ratio in each eye, respectively.

Statistical analysis

All statistics were carried out using Stata, release 13

(StataCorp LP, College Station, TX, USA), with two-sided

tests and a 5% level of significance. Differences in clinical

variables and regional WMH data between groups were

assessed with the Wilcoxon two-sample rank-sum test for

continuous variables and Fisher’s exact test for categorical

variables (Table 1 and Supplementary Table 1). With the

assumption of a Gaussian distribution of the perfusion

parameters, we performed regression analyses to test for

group differences, adjusting for various demographic varia-

bles, including age, gender, smoking status, tobacco usage

in years, hypertension, etc. We pooled patient and control

data for further analyses, comparing perfusion parameters

in WMHs, tracts and NAWM in paired samples for each

individual, e.g. mean CTH in WMHs compared with mean

CTH in NAWM, using paired t-tests. The Bonferroni cor-

rection for multiple comparisons was applied.

Correlations between the number, volume, and perfu-

sion parameters of total and individual WMHs were eval-

uated by linear regression, the latter with standard error

adjusted for clustering.

Differences in retinal vessel diameters and AV ratios be-

tween groups were tested with two-sample t-tests with

equal variances (Supplementary Table 2). The intraob-

server reliability (repeatability) of retinal vessel caliber

measurements was tested using Cronbach’s a test in 10

randomly chosen subjects in whom the caliber measure-

ment of the superior and inferior temporal retinal arterio-

les and venules was repeated.

Data availability

Anonymized data may be made available upon reason-

able request to the corresponding author.

Results
Table 1 shows clinical data, including total WMH num-

ber and volume, for all subjects. Of the originally

Table 1 Clinical data on all subjects

Patients (n 5 21) Controls (n 5 21) Statistics

Mean SD Mean SD z P

Age (years) 57.40 4.67 58.49 6.67 0.19 0.85

Tobacco years 22.39 19.52 6.35 9.98 �3.27 0.001*

Vascular risk factor scorea 7.05 4.73 6.48 4.27 �0.34 0.73

Framingham 10-year stroke risk (%) 6.56 7.26 5.46 5.96 �0.62 0.54

Number of WMHs 19.57 24.77 21.95 28.70 0.88 0.38

Volume of WMHs (mm3) 791.37 1199.67 1136.59 2154.94 0.92 0.36

Volume of individual WMHs (mm3) 36.19 45.31 42.84 70.47 1.15 0.25

n (%) n (%) P

Gender – – 1.00

Male 7 (33) 7 (33) –

Female 14 (67) 14 (67) –

Hypertension 7 (33) 5 (24) 0.73

Smoking – – –

Current 11 (52) 3 (14) 0.02*

Past 7 (33) 8 (38) 1.00

Never 3 (14) 10 (48) 0.04*

Hypercholesterolemia 8 (38) 9 (43) 1.00

Diabetes 1 (5) 1 (5) 1.00

Cardiovascular disease 3 (14) 0 (0) 0.23

The statistics columns show P-values from Mann–Whitney or Fisher’s exact tests, respectively.
aComposite score as described in the Framingham Study (Wolf et al., 1991), comprising age, systolic blood pressure, antihypertensive treatment, diabetes, cigarette smoking, cardio-

vascular disease (coronary heart disease, cardiac failure or intermittent claudication), atrial fibrillation and left ventricular hypertrophia.

*P< 0.05.
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included 22 patients and 22 controls, perfusion data

from one patient and one control were uninterpretable

due to a technical error, and their imaging data and

WMH count, volume and load were therefore excluded

from further analyses. Current smoking was overrepre-

sented in the patient group, who also presented with sig-

nificantly more tobacco years than the control group.

However, the composite vascular risk factor scores and

calculated 10-year stroke risk were similar between

groups.

Five patients and one control had no WMHs. We

found no regional differences in the number, volume, or

load of WMH between groups, neither in total, nor in

any of the predefined ROIs. Regional WMH statistics are

shown in Supplementary Table 1. We found no signifi-

cant difference in the volume of individual WMHs

among the two groups. We found a significant positive

correlation between each subject’s number of WMHs and

both the average volume of their individual WMHs

(n¼ 36, t¼ 7.76, P< 0.001) and their total WMH lesion

volume (n¼ 42, t¼ 28.23, P< 0.001); i.e. the more

lesions, the larger they are. The correlation between total

volume of WMHs versus total number of WMHs for

each subject is illustrated in Fig. 2.

Two of the 21 patients did not complete SE perfusion

imaging due to discomfort or technical problems. The

total number of subjects for each perfusion analysis is

listed in Table 2 (GRE data) and Table 3 (SE data). The

left columns of these tables show group-wise comparisons

of mean hemodynamic and oxygenation values, adjusted

for tobacco usage in years. Regression analyses showed

that age, gender, tobacco usage in years, hypertension,

diabetes and cardiovascular disease as well as total vascu-

lar risk score had a significant effect on several perfusion

parameters (P< 0.05; results not shown). When adjusting

for these possible confounders in the group analyses, only

accumulated lifetime smoking, measured as tobacco usage

in years, resulted in significant group differences, as

shown in Tables 2 and 3 (left). Patients had significantly

lower CTH in WMHs for both GRE and SE data (t ¼
�2.24; P¼ 0.032 and t ¼ �2.21; P¼ 0.035, respectively)

than controls, adjusted for tobacco usage in years. Also,

we found a significantly higher SE CMRO2 in tracts

affected by WMHs (t¼ 2.32; P¼ 0.027) in patients com-

pared with controls, adjusted for tobacco usage in years.

However, these differences did not reach significance after

application of the Bonferroni correction for multiple com-

parisons. There were no significant group differences in

perfusions parameters when adjusting for any of the

other demographic variables (P> 0.05; results not

shown). Because of the similar distribution of WMHs

across the two groups and the lack of differences in per-

fusion parameters between them, we decided to pool the

patient and control data for paired analyses (Tables 2

and 3, right) in accordance with our previous analyses

on diffusion data (Dalby et al., 2010b). Figure 3 shows

bar plots of the means for each parametric map after

pooling of the two groups, divided in GRE and SE data.

Note the significantly lower nCBF and nCBV and the sig-

nificantly higher MTT, CTH and RTH in WMHs com-

pared with the fiber tracts they intersect. These

differences were found for both GRE and SE data and

remained significant after Bonferroni correction for mul-

tiple comparisons. Similar findings applied to the perfu-

sion characteristics of WMHs compared with NAWM

and tracts intersected by WMHs compared with NAWM,

respectively, except for MTT, CTH and RTH, which

only applied to WMHs compared with NAWM for SE

data after Bonferroni correction (Tables 2 and 3, right).

The predicted OEF (SE data only) did not differ between

ROIs. Capillary PtO2 and nCMRO2 were significantly

lower in WMHs compared with both the tracts they

intersected and NAWM, but for tracts intersected by

WHMs compared with NAWM, only CMRO2 survived

the Bonferroni correction (Table 3, right). Figure 4 shows

the relation between WMH CBF and PtO2, respectively,

as a function of the total number and volume of WMHs

for each subject. Note, that lower WMH PtO2 is associ-

ated with both higher WMH number (n¼ 34, t ¼ �2.13,

P¼ 0.041) and higher total WMH volume (n¼ 34, t ¼
�2.31, P¼ 0.027). To examine whether WMH oxygen-

ation could be gleaned from CBF alone, Fig. 5 shows the

relation between average (scaled) CBF and PtO2 across

each subject’s WMHs. We observed a positive correlation

between CBF and PtO2 in individual WMHs (t¼ 15.47,

P< 0.001) across subjects (n¼ 34). Note, that PtO2 val-

ues are calculated under the assumption that oxygen is

utilized at the rate of normal brain oxygen utilization.

The sharp fall in PtO2 toward low CBF values thus illus-

trates how a hypoxic tissue microenvironment is inevit-

able if tissue metabolism is to be maintained in a state of

capillary dysfunction and hypoperfusion.

Figure 2 Volume versus number of WMHs. Correlation

between total volume of WMHs versus total number of WMHs for

each subject (subjects are divided in patients and controls for

illustration only). The dashed line represents best fitted function

line.
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Retinal photography

In three patients and four controls, AV ratios could not

be determined for one or more vessel pairs due to insuffi-

cient image quality. Supplementary Table 2 shows the

distribution of AV ratios across subjects. The intraob-

server reliability (repeatability) of retinal vessel caliber

measurements was excellent (Cronbach’s a¼ 0.90–0.93).

No statistically significant differences in vessel diameter

or AV ratios were found between groups.

Discussion
This study extends our knowledge on WMHs and WMH

pathology in both late-onset depression and normal

aging. First, our study showed no evidence of differences

between depressed patients and controls in terms of the

hemodynamics and oxygenation of their WMHs, the

tracts intersected by WMHs or in their NAWM. This

applied to both GRE and SE imaging. Taken together

with our earlier analyses of WMHs and white matter in-

tegrity of the subjects of this study cohort (Dalby et al.,
2010a, b), our data extend earlier studies of WMHs in

late onset-depression (Thomas et al., 2002) to suggest

that if WMHs confer vulnerability to late-onset depres-

sion, this owes to their localization within the frontal

white matter circuitry, rather than depression-specific

structural or physiological WMH properties.

Second, our study extends earlier observations of

reduced capillary density within WMHs as well as

NAWM (Brown et al., 2007) by showing that the reduc-

tion in capillary density in seemingly unaffected white

matter is partly accounted for by its localization within

fiber tracts intersected by remote WMHs. This knowledge

is obtained by combining SE perfusion imaging, which is

sensitized to contrast media in capillary-sized vessels, and

outlines of WMHs and the white matter tracts they inter-

sect. Our earlier analyses of these affected fiber tracts

revealed microstructural white matter changes suggestive

of fiber loss or damage (Dalby et al., 2010b), and the

reduced CBV and CBF in white matter tracts intersected

by WMHs may therefore reflect long-term adaptations to

lower white matter oxygen utilization, initiated by remote

WMHs. Interestingly, Promjunyakul et al. (2016) recently

reported diffusion changes as well as reduced CBF in

NAWM surrounding WMHs, dubbing this the ‘CBF pen-

umbra’, and data from the CATCH study (Bernbaum

et al., 2015) suggest that reduced CBF in NAWM pre-

dicts the development of WMHs. While reduced capillary

density, hypoperfusion and capillary dysfunction confer

tissue vulnerability in their own right, our findings sug-

gest that fiber tracking may serve as a means of testing

whether hypoperfusion owes partly to hypometabolism

secondary to remote tissue injury and thus reflects upon

existing lesion load. This could be a ‘threshold’ effect of

the hypoxic/ischemic severity of WMHs, causing reduced

capillary density in the affected fiber tracts and subse-

quent hypometabolism and impaired neural transmission.

Third, we found reduced nCBF and nCBV and

increased MTT in WMHs compared with NAWM,

Table 2 Comparisons between perfusion parameters in WMHs, tracts intersected by WMHs and NAWM for gradi-

ent echo data

Patients Controls t P Pooled data (n 5 36) t P

n Mean SD 95% CI n Mean SD 95% CI n Mean SD 95% CI Comparison % change

nCBF

(a) WMHs 16 0.52 0.24 0.39–0.64 20 0.51 0.25 0.39–0.63 0.63 0.535 36 0.51 0.24 0.43–0.60 a versus b �18.1 �3.76 0.0006**

(b) Tracts 16 0.60 0.11 0.54–0.66 20 0.65 0.12 0.59–0.70 �0.37 0.717 36 0.63 0.12 0.59–0.67 a versus c �29.0 �4.97 0.0000**

(c) NAWM 21 0.71 0.06 0.68–0.74 21 0.72 0.05 0.70–0.74 �1.00 0.326 36 0.72 0.06 0.70–0.73 b versus c �13.4 �4.84 0.0000**

nCBV

(a) WMHs 16 0.57 0.10 0.51–0.62 20 0.57 0.07 0.53–0.60 �0.23 0.817 36 0.57 0.08 0.54–0.59 a versus b �15.9 �9.98 0.0000**

(b) Tracts 16 0.67 0.08 0.63–0.71 20 0.68 0.05 0.66–0.70 �0.73 0.469 36 0.67 0.06 0.65–0.70 a versus c �26.6 �14.99 0.0000**

(c) NAWM 21 0.77 0.05 0.75–0.79 21 0.77 0.04 0.75–0.78 �0.64 0.525 36 0.77 0.05 0.75–0.78 b versus c �12.7 �9.60 0.0000**

MTT

(a) WMHs 16 2.31 0.90 1.83–2.79 20 2.37 1.01 1.90–2.85 �2.03 0.051 36 2.34 0.95 2.02–2.67 a versus b 14.0 3.39 0.0018**

(b) Tracts 16 2.17 0.64 1.82–2.51 20 1.97 0.61 1.68–2.25 �0.96 0.346 36 2.06 0.62 1.85–2.27 a versus c 12.6 2.36 0.0238*

(c) NAWM 21 2.29 0.62 2.01–2.57 21 2.05 0.62 1.76–2.33 �0.23 0.820 36 2.08 0.62 1.97–2.36 b versus c �1.3 �0.65 0.5190

CTH

(a) WMHs 16 2.91 1.58 2.07–3.75 20 3.18 1.36 2.54–3.82 �2.24 0.032* 36 3.06 1.45 2.57–3.55 a versus b 17.8 3.19 0.0030**

(b) Tracts 16 2.62 1.15 2.01–3.23 20 2.57 0.88 2.16–2.98 �1.24 0.166 36 2.60 0.99 2.26–2.93 a versus c 18.5 2.68 0.0110*

(c) NAWM 21 2.79 1.09 2.29–3.28 21 2.68 0.86 2.29–3.07 �0.64 0.523 36 2.58 0.93 2.43–3.04 b versus c 0.6 0.21 0.8328

RTH

(a) WMHs 16 1.37 0.13 1.30–1.44 20 1.41 0.15 1.34–1.48 �1.41 0.169 36 1.39 0.14 1.34–1.44 a versus b 4.4 3.34 0.0020**

(b) Tracts 16 1.34 0.11 1.28–1.40 20 1.33 0.11 1.28–1.38 0.00 0.996 36 1.33 0.10 1.30–1.37 a versus c 6.4 3.87 0.0004**

(c) NAWM 21 1.33 0.11 1.27–1.38 21 1.31 0.09 1.26–1.35 0.87 0.390 36 1.31 0.10 1.28–1.35 b versus c 1.9 2.85 0.0072*

For the pooled data (patients and controls), the calculated % change in perfusion parameters reflects how adaptation to lower metabolism may affect microcirculation and limit oxy-

genation. CI ¼ confidence interval; CTH ¼ capillary transit time heterogeneity.

*P< 0.05,

**P� 0.003 (significance level after Bonferroni correction with a¼ 0.05 and 15 tests).
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consistent with earlier reports (Marstrand et al., 2002;

O’Sullivan et al., 2002; Sachdev et al., 2004; Brickman

et al., 2009; Uh et al., 2010; Sam et al., 2016). We

extended these measurements to address the microvascu-

lar distribution of blood in terms of CTH, the standard

deviation of their within-voxel transit times. In normal

passive, compliant microvascular networks, CTH vary in

proportion to MTT (Rasmussen et al., 2015) and

increases in the CTH: MTT ratio (i.e. RTH) are therefore

thought to reflect abnormal capillary flow patterns, indi-

cative of severe disturbances of capillary morphology and

function across tissue microcirculation. Consistent with

this notion, we and others have found RTH changes to

correlate with disease severity in human conditions

known to be associated with microvascular changes,

including Alzheimer’s disease (Eskildsen et al., 2017;

Nielsen et al., 2017), ischemia (Ostergaard et al., 2015;

Engedal et al., 2018) and X-linked adrenoleukodystrophy

(Lauer et al., 2017). When utilizing perfusion MRI sensi-

tized to capillary-sized vessels, we found RTH to be sig-

nificantly elevated in both WMHs and in the tracts they

intersect when compared with NAWM, although the

comparison of tracts to NAWM remained a tendency

after adjustment for multiple comparisons. These findings

highlight the role of capillaries in the pathophysiology of

SVD (Ostergaard et al., 2016) and indicate that a severe

microscopic maldistribution of blood exists within white

matter affected by WMHs.

Fourth, we assessed the oxygenation resulting from

hypoperfusion and microscopic ‘shunting’ of oxygenated

blood (i.e. capillary dysfunction), combined, in terms of

(i) the drop in oxygen tension that would result if normal

oxygen utilization is preserved and (ii) the drop in oxy-

gen utilization that would result if oxygen tension was

maintained at normal brain tissue levels. According to

these data, WMHs and affected white matter can only

maintain normal white matter oxygen utilization if the

OEF is elevated and local oxygen tension thereby

reduced. The 22% reduction in PtO2, observed on aver-

age across our cohort’s WMHs compared with NAWM

(Table 3, pooled data), would roughly correspond to an

increase in OEF from 30% to 50% of blood oxygen

Table 3 Comparisons between perfusion parameters in WMHs, tracts intersected by WMHs and NAWM for spin

echo data

Patients Controls t P Pooled data (n 5 36) t P

n Mean SD 95% CI n Mean SD 95% CI n Mean SD 95% CI Comparison % change

nCBF

(a) WMHs 14 0.55 0.14 0.47–0.63 20 0.48 0.16 0.40–0.55 1.79 0.083 34 0.51 0.15 0.45–0.56 a versus b �22.8 �8.13 0.0000**

(b) Tracts 14 0.68 0.08 0.63–0.72 20 0.64 0.10 0.60–0.69 1.95 0.061 34 0.66 0.09 0.62–0.69 a versus c �32.3 �8.80 0.0000**

(c) NAWM 19 0.74 0.09 0.70–0.78 21 0.73 0.06 0.71–0.76 �0.60 0.550 34 0.75 0.07 0.71–0.76 b versus c �12.4 �5.08 0.0000**

nCBV

(a) WMHs 14 0.70 0.09 0.64–0.75 20 0.66 0.12 0.60–0.72 0.63 0.534 34 0.67 0.11 0.64–0.71 a versus b �10.7 �6.95 0.0000**

(b) Tracts 14 0.77 0.05 0.74–0.80 20 0.75 0.07 0.72–0.78 0.89 0.380 34 0.76 0.06 0.73–0.78 a versus c �17.6 �7.99 0.0000**

(c) NAWM 19 0.82 0.05 0.79–0.84 21 0.81 0.04 0.79–0.83 �0.83 0.409 34 0.82 0.04 0.80–0.83 b versus c �7.8 �6.29 0.0000**

MTT

(a) WMHs 14 3.05 1.01 2.47–3.63 20 2.98 1.11 2.46–3.50 �1.47 0.153 34 3.01 1.05 2.64–3.38 a versus b 20.1 5.33 0.0000**

(b) Tracts 14 2.66 0.88 2.15–3.17 20 2.40 0.62 2.11–2.69 �0.59 0.561 34 2.51 0.74 2.25–2.76 a versus c 26.2 5.07 0.0000**

(c) NAWM 19 2.57 0.88 2.14–3.00 21 2.31 0.53 2.07–2.55 0.50 0.623 34 2.39 0.71 2.20–2.66 b versus c 5.0 2.18 0.0369*

CTH

(a) WMHs 14 3.97 1.95 2.84–5.10 20 4.39 2.19 3.36–5.41 �2.21 0.035* 34 4.22 2.08 3.49–4.94 a versus b 25.6 4.29 0.0001**

(b) Tracts 14 3.32 1.55 2.42–4.21 20 3.39 1.14 2.85–3.92 �1.81 0.080 34 3.36 1.31 2.90–3.81 a versus c 41.3 4.64 0.0001**

(c) NAWM 19 2.83 1.24 2.24–3.43 21 3.22 0.84 2.84–3.60 �1.35 0.184 34 2.98 1.10 2.70–3.37 b versus c 12.5 2.60 0.0140*

RTH

(a) WMHs 14 1.53 0.19 1.42–1.64 20 1.49 0.21 1.39–1.59 �0.44 0.665 34 1.51 0.20 1.44–1.58 a versus b 6.8 5.65 0.0000**

(b) Tracts 14 1.45 0.19 1.34–1.56 20 1.39 0.15 1.31–1.46 �0.25 0.805 34 1.41 0.17 1.35–1.47 a versus c 9.8 5.77 0.0000**

(c) NAWM 19 1.41 0.18 1.32–1.50 21 1.34 0.14 1.28–1.40 0.63 0.532 34 1.37 0.17 1.32–1.42 b versus c 2.9 3.05 0.0045*

nCMRO2

(a) WMHs 14 0.55 0.13 0.48–0.63 20 0.48 0.13 0.42–0.54 1.88 0.069 34 0.51 0.14 0.46–0.56 a versus b �22.0 �8.82 0.0000**

(b) Tracts 14 0.67 0.08 0.63–0.72 20 0.64 0.07 0.60–0.67 2.32 0.027* 34 0.65 0.08 0.63–0.68 a versus c �32.4 �9.97 0.0000**

(c) NAWM 19 0.75 0.09 0.71–0.79 21 0.74 0.06 0.71–0.76 �0.58 0.564 34 0.75 0.07 0.72–0.77 b versus c �13.4 �6.51 0.0000**

OEF

(a) WMHs 14 0.29 0.01 0.28–0.29 20 0.29 0.02 0.28–0.30 �0.93 0.361 34 0.29 0.01 0.28–0.29 a versus b 1.0 1.63 0.1121

(b) Tracts 14 0.29 0.01 0.28–0.29 20 0.29 0.01 0.28–0.29 0.10 0.920 34 0.29 0.01 0.28–0.29 a versus c 0.3 0.41 0.6858

(c) NAWM 19 0.29 0.01 0.28–0.29 21 0.29 0.01 0.29–0.29 0.73 0.469 34 0.29 0.01 0.29–0.29 b versus c �0.7 �1.34 0.1887

PtO2

(a) WMHs 14 16.98 9.13 11.72–22.25 20 17.96 8.05 14.19–21.73 1.16 0.254 34 17.56 8.39 14.63–20.48 a versus b �18.1 �5.74 0.0000**

(b) Tracts 14 20.11 7.26 15.92–24.30 20 22.35 5.94 19.58–25.13 0.48 0.631 34 21.43 6.51 19.16–23.70 a versus c �22.4 �5.48 0.0000**

(c) NAWM 19 20.87 7.16 17.42–24.32 21 23.33 5.17 20.98–25.68 �0.42 0.677 34 22.62 6.28 20.17–24.16 b versus c �5.3 �2.45 0.0197*

For the pooled data (patients and controls), the calculated % change in perfusion parameters reflects how adaptation to lower metabolism may affect microcirculation and limit oxy-

genation. CI ¼ confidence interval; CTH ¼ capillary transit time heterogeneity.

*P< 0.05,

**P� 0.002 (significance level after Bonferroni correction with a¼ 0.05 and 24 tests).
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Figure 3 Perfusion values in WMHs, intersected tracts and NAWM. Bar plots of mean perfusion values in WMHs, tracts intersected by

WMHs and NAWM for the pooled patient and control groups (n ¼ 36). The values for CBF, CBV and CMRO2 are normalized to whole-brain

values (termed nCBF, nCBV and nCMRO2, respectively). An asterisk above the horizontal brackets indicates significance for both GRE and SE

data at a P-value of �0.003 (GRE data) or �0.002 (SE data), which is the significance level after Bonferroni correction with a ¼ 0.05 and 15 or 24

tests, respectively, as listed in Tables 2 and 3. Two asterisks above the horizontal brackets indicates significance for SE data only, representing a

P-value of �0.002, which is the significance level after Bonferroni correction with a ¼ 0.05 and 24 tests, as listed in Table 3.
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content, that is a 67% OEF increase. In comparison, dir-

ect measurements of oxygen utilization by positron emis-

sion tomography imaging in SVD patients have shown

markedly increased (þ30%) OEF and reduced (�22%)

CBF, but only slightly reduced oxygen utilization, in the

white matter of hypertensive, non-demented subjects with

WMHs compared with controls, whereas patients with vas-

cular dementia showed a coupled reduction in white matter

CBF and oxygen utilization—that is, only slightly increased

OEF (Yao et al., 1992). The resolution of positron emission

tomography is inherently low compared with the size of

WMHs and individual fiber tracts, so the spatial distribu-

tion of oxygen utilization within white matter is difficult to

resolve with this gold standard method. Our data suggest,

however, that WMHs, with poor oxygenation, but partly

preserved oxygen utilization, may contribute to the

observed, disproportionate changes in CBF and CMRO2 in

the early stages of SVD.

Finally, we found evidence of capillary dysfunction,

that is a microscopic maldistribution of blood within

WMH image voxels. Capillary dysfunction reduces oxy-

gen availability for a given CBF by allowing oxygenated

blood to be ‘shunted’ through the microcirculation. While

capillary dysfunction appears to be a shared feature of

SVD and its risk factors (Ostergaard et al., 2016), our

results show that WHMs are associated with worse capil-

lary function than surrounding white matter (as detected

by RTH) and with severely impaired oxygenation (cf.

Fig. 3). Recent studies suggest that reduced oxygenation

impairs capillary function, which again impairs tissue

oxygenation in a vicious cycle: in a mouse model of

chronic hypoperfusion, Srinivasan et al. (2015) thus

Figure 4 CBF and oxygenation in WMHs versus total number and volume of WMHs. Scatter plots of CBF versus total number (A)

and total volume (B) of WMHs and PtO2 versus total number (C) and total volume (D) of WMHs for each subject, respectively. The CBF values

in WMHs in A and B are scaled after assuming a normal CBF of 20 ml/100 ml/min in NAWM. The horizontal orange line in A and B indicates

this widely accepted normal CBF ¼ 20 ml/100 ml/min of NAWM, whereas the horizontal orange line in C and D indicates a normal PtO2 ¼ 25

mm Hg in NAWM. CBF and PtO2 are consistently low when WMHs reach a total number of 30 and a total WMH volume of �700 mm3 (vertical

orange lines). The dashed lines represent best fitted function lines. The plots represent pooled SE data and are divided in patients and controls

for illustration only.
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found that the density of perfused capillaries decreases in

proportion to the reduction in CBF, reaching as many as

25% erythrocyte-free capillaries for blood flows well

above the ischemic threshold. In a similar model, Yata

et al. (2014) detected minute-long plugging of a signifi-

cant proportion of deep cortical capillaries by leukocytes

and ascribed this to adhesion of activated leukocytes to

the capillary endothelium via surface receptors (selectins).

We note in passing that such disruptions of capillary

erythrocyte flow would be expected to introduce capillary

dysfunction and impair oxygenation, but not to affect

our capillary blood volume estimates, which utilize a

tracer that distributes throughout blood plasma.

Combined MRI-pathology studies confirm a chronic hyp-

oxic microenvironment within some WMHs (Fernando

et al., 2006), and evidence of immune activation and

blood-brain barrier dysfunction in others (Rosenberg

et al., 2001; Simpson et al., 2007), all of which would

be expected to affect capillary function. It is interesting

to note that we found capillary density to be reduced to

a lesser extent than CBF and CMRO2 within WMHs,

seemingly deviating from the normal coupling of capillary

density and metabolic demands. We speculate that this

finding again reflects the unsuccessful maintenance and/or

formation of microvessels to restore supply–demand bal-

ance in response to local hypoxia and hypoxia-inducible

factor activation (Simpson et al., 2007). The ways in

which WMHs interfere with the maintenance of micro-

vascular function are poorly understood, but the lesions

are characterized by leakage of plasma fluid components,

infiltration and thickening of the arteriolar wall, together

with changes in the perivascular tissue, which in turn

compromise the normal vascular architecture (Wardlaw

et al., 2015). It should also be kept in mind that WMHs

are heterogenous, not only in terms of pathology, but

also in terms of their evolution over time: Punctate

abnormalities on MRI show a low tendency for progres-

sion, while early confluent and confluent changes pro-

gress more rapidly (Schmidt et al., 2011). The dynamic

change in both metabolism and microstructure of cerebral

white matter was recently emphasized by Jiaerken et al.

(2019) with metabolic changes mainly found in NAWM

and microstructural changes mainly confined to WMHs.

This finding is supported by emerging evidence of cere-

bral endothelial dysfunction being a pivotal factor in the

pathophysiology of cerebral SVD (Ostergaard et al.,

2016), and also by studies showing lower vascular re-

activity in areas of leukoaraiosis compared with NAWM

(Uh et al., 2010; Sam et al., 2016). Unfortunately, due to

our cross-sectional study design, the temporal course of

capillary dysfunction and neuronal adaptation to underly-

ing microvascular changes remains uncovered.

Reduced CBF, elevated OEF and impaired oxygen util-

ization are features of cerebral ischemia, and it is there-

fore tempting to think of WMHs as instances of ischemia

or ‘misery perfusion’, which can be alleviated by

improved CBF. It is important to realize, however, that

oxygen availability is determined by CBF and capillary

function in combination. This notion was recently dem-

onstrated in human stroke, where brain tissue viability

during prolonged hypoperfusion was determined not only

by CBF alone, as previously believed, but also by RTH

(Engedal et al., 2018). The extent to which increased

CBF improves tissue oxygenation hinges on the parallel

homogenization of capillary flow patterns, and capillary

dysfunction may, paradoxically, abrogate the oxygenation

benefits of augmenting CBF (Jespersen and Ostergaard,

2012; Angleys et al., 2015). We therefore discourage the

use of the term ‘ischemia’ to characterize tissue hypoxia

observed in WMHs, as it implies therapeutic benefits of

‘normalizing’ CBF. Rather, we propose that tissue oxy-

genation is determined by CBF and capillary function in

combination, and that observations of impaired vascular

reactivity in areas of WMHs compared with NAWM (Uh

et al., 2010; Sam et al., 2016) should be viewed from the

perspective of flow-metabolism coupling, in which flow

responses might be attenuated to limit the shunting of

oxygenated blood through the microvasculature

(Ostergaard et al., 2013b). Figure 5 emphasizes the bene-

fits of including not only CBF but also PtO2 estimates

based on both CBF and CTH, when evaluating the sever-

ity of hemodynamic changes in individual WMHs.

However, perfusion MRI may not be available in a rou-

tine clinical setting. Still, as shown in Fig. 4, the scaled

median CBF for each individual’s total WMH burden is

consistently low (<15 ml/100 ml/min) when the total

number of WMHs reaches �30 and the total volume of

WMHs reaches �700 mm3. Simplified, and with respect

to scaled/normalized perfusion values, this implies that

multiple and/or large WMHs reflect a chronic hypoxic

environment, consistent with the concept of WMHs of

Figure 5 CBF and oxygenation in individual WMHs.

Correlation between scaled CBF and PtO2 in individual WMHs.

NAWM CBF was set to 20 ml/100 ml/min to allow visual

comparison of WMH CBF across subjects. The best fitted line

approximates a logarithmic function.
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presumed vascular origin, presented as a part of the neu-

roimaging standards in SVD research (Wardlaw et al.,
2013).

Retinal photography

We used retinal photography to calculate retinal AV

ratios (Supplementary Table 2) as a surrogate marker of

cerebral small-vessel disease (Sharrett, 2007). Arteriolar

narrowing, small AV ratios and/or AV nicking are often

considered markers of long-term hypertension (Wong

et al., 2001), which was equally present in our patients

and controls (Table 1). However, a small AV ratio can

result from both arteriolar narrowing and/or venular en-

largement, and the association may vary with age

(Sharrett, 2007). We found a tendency (P¼ 0.05) for ret-

inal venular enlargement in the right inferior venules

(Supplementary Table 2). As retinal venular enlargement

is associated with smoking and inflammation (Ikram

et al., 2004) and may reflect lower cerebral oxygen sup-

ply (de Jong et al., 2008), we speculate that the higher

prevalence of current smokers could favor venous en-

largement in our patient group. Although retinal venular

enlargement has been associated with progression of cere-

bral SVD (Ikram et al., 2006b) and an increased risk of

stroke (Ikram et al., 2006a), vascular dementia (de Jong

et al., 2011) and schizophrenia (Meier et al., 2013), ret-

inal vessel diameters have not been shown to predict

higher risk of depression (Ikram et al., 2010). Overall,

the present retinal data give us no basis to suspect that

our depressed patients have more pronounced cerebrovas-

cular disease in general than the control group.

Methodological considerations

A major strength of our study is the similar vascular risk

profile in patients and controls, except for current smok-

ing, which was more abundant among patients. In add-

ition, retinal AV ratios and the overall white matter

lesion load, i.e. count, volume and % of WMHs in pre-

defined ROIs, were similar between groups, thus dimin-

ishing the possible confounding effect from an unequal

distribution of known markers of microvascular disease.

Another strength of our study is the combination of dif-

fusion tensor imaging tractography with dynamic suscep-

tibility contrast perfusion MRI, which enabled us to

define tracts intersected by WMHs, not otherwise distin-

guishable from NAWM.

A limitation of our study is the relatively small sample

size regarding both patients and controls, and similar

analyses in larger samples are warranted to diminish the

risk of type 2 statistical errors. We only included subcor-

tical/deep WMHs in our analyses, thus omitting periven-

tricular WMHs. This distinction between subcortical/deep

and periventricular WMHs is debatable (Wardlaw et al.,
2013). Our population had very sparse periventricular

white matter changes, mostly confined to caps, lines and

small halos according to Fazekas’ scale (Fazekas et al.,

1987) (results not shown). In some literature, these are

believed to represent disruption of the ependymal lining

of the lateral ventricles, subependymal gliosis and demye-

lination of non-vascular/non-ischemic origin (Kim et al.,
2008; Schmidt et al., 2011). In addition, previous studies

have demonstrated both neuropathological (Fazekas et al.,

1993; Thomas et al., 2002; Thomas et al., 2003) and

functional differences (Kim et al., 2008) between subcor-

tical/deep and periventricular WMHs. Some studies even

indicate that subcortical/deep WMHs are more strongly

associated with depression than periventricular WMHs

(Krishnan et al., 2006; Saavedra Perez et al., 2013). Our

conclusions regarding WMHs therefore only apply to sub-

cortical/deep WMHs, but not periventricular WMHs.

We calculated a WMH load as % WMH volume of

the predefined ROI volumes for each subject and did not

find any difference between patients and controls

(Supplementary Table 1). We expect the ROI volumes to

reflect intracranial volume, but although the total volume

of WHMs is infinitesimal compared with the whole brain

volume, the total WMH volume may vary with head size

which—in theory—is a source of systematic error.

For ethical reasons, our depressed patients were not

treatment-naı̈ve at inclusion, as they all—except for

one—received antidepressant medication (Dalby et al.,
2010a). WMHs have been shown to increase with anti-

depressant treatment (Steffens et al., 2008; Grool et al.,

2013; Khalaf et al., 2015), but the association may be

confounded by several factors, such as type of antidepres-

sant, early- or late-onset of depression, remission status

and concomitant use of anti-inflammatory medication

(Khalaf et al., 2015). The bidirectional relationship of de-

pression and white matter changes is a cornerstone of the

vascular depression hypothesis (Alexopoulos et al., 1997;

Krishnan et al., 1997), but the complexity of this associ-

ation is still incompletely understood (Teper and O’brien,

2008). Nevertheless, our data do not indicate a different

vascular pathological basis for WMHs between groups.

Finally, our study design is cross-sectional, which pre-

vents us from distinguishing early-stage white matter

changes from chronic tissue damage. Prospective studies

containing measures of capillary function should further

explore the relation between white matter hemodynamics

and the emergence of WMHs.

Supplementary material
Supplementary material is available at Brain

Communications online.
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