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Abstract: Biomarkers of microcirculation dysfunction may help in the study of cerebral small vessel
disease (CSVD). Time-Domain Near-Infrared spectroscopy (TD-NIRS), estimating the oxygenation of
microcirculation of cerebral outer layers, might indirectly correlate with CSVD. We retrospectively
evaluated TD-NIRS data from healthy subjects with age ≥ 55 years; no history of brain disease;
normal neurological examination; absence of stenosis > 50% of extra/intra-cranial arteries; incidental
finding of asymptomatic CSVD at brain magnetic resonance imaging (MRI). According to Fazekas
scale, subjects were classified by presence of white matter hyperintensities in periventricular region
(pvWMHs), deep white matter region (dWMHs), or both (d+pvWMHs). We compared the concen-
tration of hemoglobin species and tissue oxygen saturation (StO2) among these groups. The study
included 20 subjects, median age 67.5 (IQR 61–78) years old (6 without WMHs, 5 with pvWMHs,
9 with d+pvWMHs). Subjects with d+pvWMHs had significantly lower StO2 compared to subjects
without WMHs (p = 0.022) or with pvWMHs (p = 0.004). StO2 < 56.7% indicated the presence of
d+pvWMHs with 91% sensitivity and 67% specificity [AUC 91% (CI 95% 78–100%)]. In this prelimi-
nary study, cerebral TD-NIRS detected significantly lower StO2 in subjects with radiological signs
of asymptomatic CSVD. Further studies are needed to evaluate if StO2 might represent a marker of
asymptomatic CSVD.

Keywords: microcirculation dysfunction in cerebral small vessel disease; asymptomatic cerebral
small vessel disease; NIRS in cerebrovascular diseases; oxygen saturation in cerebral small vessel
disease; novel applications of time-domain near-infrared spectroscopy; TD-NIRS; time-resolved
near-infrared spectroscopy; neuroimaging of leukoarayiosis; Fazekas scale and white matter hyperin-
tensites; NIRS in healthy subjects

1. Introduction

Cerebral small vessel disease (CSVD) is a structural and functional disorder of brain
microcirculation leading to progressive tissue damage visible at brain autopsy and with
computed tomography/magnetic resonance imaging (CT/MRI) scan [1]. CSVD accounts
for 25% of ischemic strokes, is frequently found in most hemorrhagic strokes and con-
tributes up to 50% of dementias worldwide, representing an extremely important health
issue [1].

In CSVD, the vascular walls of arterioles, capillaries and venules undergoe morpho-
logical changes, such as arteriolosclerosis, lipohyalinosis, fibrinoid necrosis, and venous
collagenosis, that disturb blood flow patterns in microcirculation and local oxygen de-
livery [1–3]. In addition, blood-brain barrier dysfunction can cause the leakage of fluids,
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proteins and other plasma constituents into the perivascular tissues, which might increase
interstitial fluid, stiffen arteriole and venule walls [1]. The effects of these phenomena
impair cerebrovascular reactivity, vascular pulsatility, hemodynamic blood flow redistribu-
tion, leading to inefficient oxygen and nutrient transport, and to neurovascular dysfunction.
Cerebral infarction may finally result from arteriolar occlusion and hemodynamic insuffi-
ciency phenomena.

Asymptomatic CSVD, defined as neuroimaging evidence of CSVD prior to the devel-
opment of any overt clinical symptoms, is common in adult healthy subjects regardless
of associated vascular risk factors [4]. Usually, the clinical manifestation of the disease
becomes evident with accumulation of brain lesions. Imaging markers of CSVD, including
lacunes, white matter hyperintensities (WMHs), enlarged perivascular spaces (EPVS) and
cerebral microbleeds (CMBs) are commonly observed on brain MRI in healthy individuals.
The reported prevalence of these lesions in elderly populations varies across different
studies, ranging from 8% to 33% for lacunes [5], 3% to 34% for CMBs [6], and 39% to 96%
for WMHs [7]. Fazekas scale, which classifies WMHs in periventricular and deep white
regions, is one of the most used scoring systems to classify CSVD [8]. The typical lesions
of CSVD are indeed located in the white matter of centrum semiovale, in periventricular
regions and in deep structures, even though the functional alteration of microcirculation
affects both cortical and white matter arterioles, capillaries and venules.

The detection of meaningful biomarkers of asymptomatic CSVD is one among the
unmet needs of CSVD. Advanced optical devices, such as time-domain near infrared
spectroscopy (TD-NIRS), might provide useful information about oxygenation of cerebral
microcirculation in the superficial layers in a non-invasive way, with limited costs and
overcoming some limitations of previous NIRS systems, such as continuous-wave NIRS.
In particular, advanced optical devices, such as TD-NIRS and frequency-domain NIRS
(FD-NIRS), allow to recover the absolute concentrations of hemoglobin species, the value
of tissue oxygen saturation (StO2) and to reduce the contamination from extra-cerebral
layers. In TD-NIRS with single source–detector pair, the effect of extra-cerebral layers
can be marginal even if fitting with homogeneous model is used [9]. TD-NIRS and FD-
NIRS are able to provide reproducible measurements of cerebral hemoglobin species and
StO2 [10,11]. Besides, previous studies have shown that advanced optical devices can
detect hemodynamic changes in ischemic stroke, among which different concentrations of
hemoglobin species and tissue oxygen saturation values in patients with acute ischemic
stroke compared to controls and in ischemic areas respect to non-ischemic regions [10–18].

In this study we hypothesize that probing the oxygenation of microcirculation of
the superficial layers might provide indirect information about the presence of CSVD.
We aimed to explore if TD-NIRS might correlate with asymptomatic CSVD documented
by brain MRI by comparing the concentration of hemoglobin species and StO2 between
subjects with and without radiological signs of CSVD.

2. Materials and Methods

The study received approval by the Institutional Ethical Committee and by the Min-
istry of Health and was conducted in compliance with the Declaration of Helsinki and
written informed consent was obtained from each subject. We retrospectively selected
healthy subjects from a previous TD-NIRS study [10] meeting the following criteria: (a) age
≥ 55 years old; (b) no clinical history of brain disease; (c) normal neurological examination;
(d) absence of stenosis > 50% of extra- or intra-cranial arteries; (e) available brain magnetic
resonance imaging (MRI).

The burden of CSVD was assessed according to Fazekas score on brain MRI sequences
including axial diffusion-weighted imaging (DWI), T2-weighted, fluid-attenuated inver-
sion recovery (FLAIR), gradient echo, and T1-weighted sequences [8]. The scale divides
the white matter hyperintensities in periventricular (Fazekas-pv) and deep white mat-
ter (Fazekas-d) accounting for size and confluence of lesions. Periventricular lesions
(pvWMHs) scores are: 0 = absent; 1 = “caps” or pencil-thin lining; 2 = smooth “halo”; 3 =
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irregular periventricular signal extending into the deep white matter. Deep white matter le-
sions (dWMHs) scores are: 0 = absent; 1 = punctate foci; 2 = beginning confluence; 3 = large
confluent area. Subjects were classified according to Fazekas-pvWMHs and Fazekas-
dWMHs score in 4 groups (Fazekas groups): “noWMHs” group included subjects with
pvWMHs and dWMHs score 0; “pvWMHs” included subjects with pvWMHs score ≥ 1
and dWMHs score 0; “dWMHs” included subjects with dWMHs score ≥ 1 and pvWMHs
score 0; “d+pvWMHs” included subjects with pvWMHs and dWMHs score ≥ 1.

TD-NIRS measurements were performed in resting conditions, with the subject lying
with an angle-of-bed inclination of 30◦. TD-NIRS measurements were obtained by placing
a pair of illuminating and collecting optical fibers in selected standard positions of frontal,
central and parietal brain regions of each hemisphere using an EEG cap (g.EEGcap, g.tec
medical engineering GmbH, Schiedlberg, Austria) according to the 10-10 international
positioning system (F3-F5, C3-C1, P3-P5 for the left hemisphere and F4-F6, C4-C2, P4-P6
for the right hemisphere). These positions were chosen in the previous TD-NIRS study [10]
for two main reasons: (a) to gather standardized information about equidistant areas in the
territory supplied by middle cerebral artery [19]; (b) to probe both primary and secondary
cortices according to probabilistic anatomical correlation of 10-10 international system to
the brain cortex [20]. The recording session consisted of three sets of measurements for
each position of interest. We obtained concomitant non-invasive arterial blood pressure,
heart rate, SpO2 and peripheral blood Hb concentrations for each subject.

TD-NIRS data were acquired by means of a device designed and developed at Depart-
ment of Physics of Politecnico di Milano [10]. The light sources are three pulsed diode lasers
working at 690 nm, 785 nm and 830 nm, respectively (mod. LDH series, PicoQuant GmbH,
Berlin, Germany) and at 80 MHz repetition rate. Laser pulses are injected into the tissue
by multimode graded index optical fibers (100/140 µm core/cladding diameter) paying
attention in maintaining the power density below the maximum permissible exposure of
2 mW/mm2 thanks to a spacer placed at the tip of the probe. Photons are collected from
the tissue in reflectance mode by means of a custom-made three furcate fiber bundle made
of graded index plastic fibers (1 mm core diameter, 0.29 NA; mod. OM-GIGA POF, Luceat
Srl, Brescia, Italy) and then detected by three hybrid photomultipliers (mod. HPM-100-50,
Becker-Hickl, GmbH, Berlin, Germany), each dedicated to a specific wavelength by using
band pass filters centered at 690 nm, 785 nm and 830 nm (mod. Hard Coated OD4, 10 nm
Bandpass Filters, Edmund Optics GmbH, Mainz, Germany). Finally, three Time Correlated
Single Photon Counting (TCSPC) boards acquire the distributions of photon time of flight
that is the TD-NIRS signal or curves. The Instrument Response Function (IRF), obtained by
facing the injection fiber with the collection fiber, features a Full Width at Half Maximum
(FWHM) < 200 ps.

TD-NIRS data at each wavelength were fitted with the solution of the diffusion
equation for semi-infinite homogenous media after convolution with the IRF. In particular,
a spectral constraint during the inversion procedure was employed, by exploiting the
empirical spectral dependence for the reduced scattering obtained by Mie theory, and the
Beer’s law to express the absorption coefficient as a linear superposition of the specific
absorption of HbR, HbO and water. Further details in data analysis and quality controls
(e.g., on number of detected photons, time drift of laser pulses, robustness of fitting
procedure) are described in a previous study [10]. At each recording session, the values
of HbR, HbO, HbT and StO2 of every single position were averaged across three sets
of measurements. Since no differences in hemodynamic parameters have been detected
between hemispheres in healthy subjects in a previous study [10], we calculated a grand
average of concentration of HbR, HbO, HbT and StO2 across the six measured positions
for final analyses. The measurement set-up is also described in Figure 1.
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ered concentrations of HbR, HbO, HbT and of StO2 value. 
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test with pairwise comparisons. Multiple linear regression analysis was performed using 
results with p < 0.1 as independent variables in univariate analysis. Data analysis was per-
formed with SPSS Statistics for Macintosh, version 20.0 (Armonk: IBM Corp., Armonk, 
NY, USA). 
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centration of the three groups are reported in Table 1. 
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Age (years) * 59 (56–61) 68 (67–78) 70 (70–77) 0.015 
Gender (M/F) 83/17% 80/20% 44/56% 0.22 

Arterial hypertension 17% 20% 67% 0.09 
Diabetes mellitus 0% 40% 33% 0.23 

Smoking 33% 0% 0% 0.07 
Hypercholesterolemia 17% 20% 11% 0.9 

Atrial fibrillation 0% 0% 22% 0.26 
Migraine 0% 20% 11% 0.54 

Figure 1. Time-Domain Near-Infrared spectroscopy (TD-NIRS) measurement set-up. (a) TD-NIRS
device; (b) head-of-bed inclination; (c) probed positions on the scalp and grand average of recovered
concentrations of HbR, HbO, HbT and of StO2 value.

Clinical and demographic variables were compared among groups using χ2 (or Fisher
exact test when necessary) for categorical variables, independent sample Kruskal-Wallis
test for continuous variables. Comparisons for hemoglobin species (HbR, HbO, HbT) and
StO2 among groups were performed using independent sample Kruskal-Wallis test with
pairwise comparisons. Multiple linear regression analysis was performed using results
with p < 0.1 as independent variables in univariate analysis. Data analysis was performed
with SPSS Statistics for Macintosh, version 20.0 (Armonk: IBM Corp., Armonk, NY, USA).

3. Results

The study cohort comprised 20 subjects [median age 67.5 (IQR 61–78) years old] of
which 6 subjects had noWMHs, 5 subjects had pvWMHs, and 9 subjects had d+pvWMHs.
There were no subjects belonging to dWMHs group since all subjects with dWMHs also
had pvWMHs.

Demographic features, vascular risk factors, clinical and laboratory parameters in-
cluding arterial blood pressure, heart rate, SpO2, mean peripheral blood hemoglobin
concentration of the three groups are reported in Table 1.

There was a significant difference of StO2 values among groups (p = 0.007) (Table 2).
In pairwise comparisons, subjects with noWMHs had StO2 values comparable to subjects
with pvWMHs (p = 0.53) while subjects with d+pvWMHs had significantly lower StO2
compared to noWMHs (p = 0.022) and to pvWMHs (p = 0.004).

We performed an explorative multiple linear regression analysis with increasing
extension of WMHs (Fazekas groups) as dependent variable (0 = no WMHs, 1 = pvWMHs,
2 = d+pvWMHs). According to univariate analysis, age, arterial hypertension, smoking,
SpO2 and StO2 were entered as independent variables (all independent variables entered
into the equation at the same time as “enter” method). We calculated the power of the
linear multiple regression analysis (fixed model, R2 increase) according to the following
characteristics: sample size = 20, alpha = 0.05, number of predictors = 5, alpha\beta ratio =
1. The estimated power according to large, medium and low effect sizes f2 (respectively,
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f2 = 0.35, f2 = 0.15, f2 = 0.02) were respectively 86%, 73%, 54%. Variance inflation factors
below 1.5 excluded the presence of collinearity. Independence of residuals was confirmed
by Durbin-Watson statistic. Homoscedasticity was evaluated by visual inspection of a
plot of standardized residuals versus standardized predicted values. The normality of
the distribution of residuals was assessed by visual inspection of a normal P-P plot. The
regression model significantly predicted Fazekas groups F (5, 19) = 8.8, p = 0.001 and had a
R2 = 76%. According to the linear regression model, StO2, age and arterial hypertension
were significantly associated with increasing extension of WMHs (Table 3).

Table 1. Comparison of demographic and clinical characteristics according to Fazekas groups.

noWMHs
n = 6

pvWMHs
n = 5

d+pvWMHs
n = 9 p

Age (years) * 59 (56–61) 68 (67–78) 70 (70–77) 0.015
Gender (M/F) 83/17% 80/20% 44/56% 0.22

Arterial hypertension 17% 20% 67% 0.09
Diabetes mellitus 0% 40% 33% 0.23

Smoking 33% 0% 0% 0.07
Hypercholesterolemia 17% 20% 11% 0.9

Atrial fibrillation 0% 0% 22% 0.26
Migraine 0% 20% 11% 0.54

MAP (mmHg) * 95 (88–97) 90 (87–90) 90 (87–103) 0.63
Heart rate (beats/min) * 64 (60–70) 65(60–73) 71 (65–82) 0.60

SpO2 (%) * 99 (98–99) 97 (96–97) 98 (98–99) 0.06
Hb (g/dl) * 13.9 (1.4) 13.9 (0.5) 13.2 (1.2) 0.56

* Median (IQR); MAP: mean arterial blood pressure; SpO2: peripheral pulse oximetry; Hb: blood hemoglobin
concentration.

Table 2. Comparison of concentrations of hemoglobin species and StO2 values in Fazekas groups.

noWMHs
n = 6

pvWMHs
n = 5

d+pvWMHs
n = 9 p

HbR (µM) 23.7 (22.1–25.3) 19.0 (18.6–19.1) 23.0 (17.9–25.8) 0.32
HbO (µM) 34.1 (31.9–35.6) 29.8 (26.5–35.2) 26.9 (25.7–29.3) 0.26
HbT (µM) 57.5 (54.8–61.0) 48.8 (45.2–54.3) 51.1 (44.2–55.1) 0.28
StO2 (%) 58.8 (57.5–59.5) 61.1 (58.6–61.6) 54.8 (53.2–57.3) 0.007

The values are reported as median (IQR). p: p-value of statistical significance of differences among groups
according to independent sample Kruskal-Wallis test.

Table 3. Binomial linear regression (dependent variable: Fazekas groups).

Independent
Variables t Beta p

StO2 −2.5 −0.96 (−0.18–−0.015) 0.023
Age 3.7 0.06 (0.025–0.093) 0.002

Arterial hypertension 2.3 0.55 (0.040–1.01) 0.037
Smoking −1.5 −0.63 (−1.5–0.26) 0.152

SpO2 2.0 0.21 (−0.01–0.43) 0.066
Constant −1.6 −18.1 (−42.9–6.7)

In an explorative ROC analysis, grouping together noWMHs and pvWMHs subjects, a
cut-off of cerebral StO2 < 56.7% indicated the presence of d+pvWMHs with 91% sensitivity
and 67% specificity [AUC 91% (CI 95% 78–100%)] (Figure 2).
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4. Discussion

The present study is the first attempt to assess oxygenation of microcirculation of cere-
bral outer layers by means of TD-NIRS in subjects with asymptomatic CSVD. Considering
that CSVD is a structural and functional disorder of brain microcirculation, techniques that
investigate the microcirculation might provide complementary information about early
changes in asymptomatic CSVD. Some of the limitations of previous NIRS techniques have
been overcome by TD-NIRS and FD-NIRS, which can better discriminate the extracere-
bral contribution to the signal and provide absolute and reproducible concentration of
hemoglobin species and StO2. TD-NIRS investigates the oxygenation of microcirculation of
cerebral outer layers that is functionally and anatomically connected to the microcirculation
of subcortical and deep white matter on the arterial and venous side. Indeed, subcortical
and deep white matter regions receive arterial blood through medullary arteries coming
from leptomeningeal spaces [21] and the venous drainage of subcortical white matter is
directed to cortical pial veins [22]. While the radiological signs of CSVD are mainly located
in deep and periventricular regions, it might be conceivable that the microcirculatory im-
pairment or consequences are global. Therefore, the study of oxygenation of cerebral outer
layers with TD-NIRS might indirectly reflect the presence of radiological signs of CSVD.
According to our explorative data, cerebral oximetry with TD-NIRS was able to detect
significantly lower cerebral StO2 in a cohort of subjects with incidental radiological signs of
asymptomatic CSVD located in periventricular and deep white matter regions compared
to individuals without white matter hyperintensities. We also observed that StO2 did not
differ between subjects without WMHs and with WMHs only in periventricular regions.
This could be due to the more limited extension of CSVD or to an intrinsic limitation of
TD-NIRS to detect signals from the deeper arterial and venous blood systems supply of
periventricular regions.

Previous NIRS studies have shown that StO2 is a highly reproducible parameter with
a fairly restricted coefficient of variation among subjects [10,11]. Previous TD-NIRS data
suggested that HbR, HbO, HbT and, to a lesser extent, StO2 values reduce with increasing
age [10]. In our cohort, as expected, subjects with noWMHs were younger than individuals
with pvWMHs and d+pvWMHs. However, in multiple linear regression analysis including
age as independent variable, StO2 remained statistically significantly associated with
increasing extension of WMHs.
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In this exploratory study, we assessed subjects with only minor signs of CSVD without
functional impact. Although incidental radiological signs of CSVD have a high prevalence
in healthy subjects, it remains to determine what proportion of asymptomatic CSVD
will progress into cognitive impairment, dementia or stroke. Some population studies
have shown progression of WMHs and of cognitive decline not only in subjects with
confluent alterations, but also in individuals with punctate lesions [23,24]. Longitudinal
studies might contribute to identify subjects at high probability of becoming symptomatic
to whom possibly offer future treatment strategies at an early asymptomatic phase of
the disease. Our preliminary data suggest that minor, asymptomatic radiological CSVD
might be associated with low StO2 values, that might represent a sign of dysfunction of
cerebral microcirculation.

We acknowledge that this study has a number of limitations among which the very
small sample size, the gender unbalance between d+pvWMHs and the other groups and
the retrospective nature of the study, which can reduce the general validity of findings.
Therefore, these preliminary results need to be confirmed in a larger cohort of subjects
along with longitudinal test of cognitive functions and brain MRI imaging. The absence of
a concomitant measurement of cerebral blood flow in microcirculation represents a limit
to a better understanding. The concomitant use in future studies of diffuse correlation
spectroscopy might be a valuable strategy to get further insight in the underlying patho-
physiological phenomena. We also acknowledge that probing the superficial layers of
cerebral tissue in resting conditions might give only indirect and incomplete information
about the global status of cerebral microcirculation. The exploratory nature of this study
does not allow further speculation on the possible causes of our finding. Therefore, the
results may serve merely to generate hypothesis. Finally, we are aware that the use of
a homogenous model for TD-NIRS data analysis instead of a two-layer algorithm is a
possible limitation of our study. In a previous multi-laboratory study [25], a substantial
agreement was found, both in simulations and in vivo measurements, between TD-NIRS
absorption coefficients retrieved from the homogenous model and the estimate of the
absorption coefficient in the lower layer derived by exploiting a two-layer model.

In summary, this pilot study detected significantly low StO2 values in subjects with
asymptomatic CSVD. This result suggests that the association of low StO2 with CSVD
should be further investigated.
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