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Original Article

Dynamic cerebral autoregulation
estimates derived from near infrared
spectroscopy and transcranial Doppler
are similar after correction for transit
time and blood flow and blood
volume oscillations

Jan Willem J Elting1,*, Jeanette Tas1,*, Marcel JH Aries2,3,
Marek Czosnyka3,4 and Natasha M Maurits1

Abstract

We analysed mean arterial blood pressure, cerebral blood flow velocity, oxygenated haemoglobin and deoxygenated

haemoglobin signals to estimate dynamic cerebral autoregulation. We compared macrovascular (mean arterial blood

pressure-cerebral blood flow velocity) and microvascular (oxygenated haemoglobin-deoxygenated haemoglobin)

dynamic cerebral autoregulation estimates during three different conditions: rest, mild hypocapnia and hypercapnia.

Microvascular dynamic cerebral autoregulation estimates were created by introducing the constant time lag plus constant

phase shift model, which enables correction for transit time, blood flow and blood volume oscillations (TT-BF/BV

correction). After TT-BF/BV correction, a significant agreement between mean arterial blood pressure-cerebral blood

flow velocity and oxygenated haemoglobin-deoxygenated haemoglobin phase differences in the low frequency band was

found during rest (left: intraclass correlation¼0.6, median phase difference 29.5� vs. 30.7�, right: intraclass correl-

ation¼0.56, median phase difference 32.6� vs. 39.8�) and mild hypocapnia (left: intraclass correlation¼0.73, median

phase difference 48.6� vs. 43.3�, right: intraclass correlation¼0.70, median phase difference 52.1� vs. 61.8�). During

hypercapnia, the mean transit time decreased and blood volume oscillations became much more prominent, except for

very low frequencies. The transit time related to blood flow oscillations was remarkably stable during all conditions.

We conclude that non-invasive microvascular dynamic cerebral autoregulation estimates are similar to macrovascular

dynamic cerebral autoregulation estimates, after TT-BF/BV correction is applied. These findings may increase the feasi-

bility of non-invasive continuous autoregulation monitoring and guided therapy in clinical situations.
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Introduction

Analysis of cerebral vasoregulation can be based on
macrovascular or microvascular measurements. The
standard for macrovascular measurements is mean arter-
ial blood pressure (MABP) and cerebral blood flow vel-
ocity (CBFV), which can be used as input–output
variables for transfer function analysis (TFA) to obtain
estimates of dynamic cerebral autoregulation (DCA).1–3

To calculate cerebral microvascular characteristics, such
as the capillary transit time, microvascular autoregulation
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and changes in blood flow and blood volume,4,5 near
infrared spectroscopy (NIRS) may be used. To achieve
this, several mathematical models that describe the com-
plex cerebral microvascular hemodynamics and tissue
oxygenation in terms of NIRS variables, such as oxyge-
nated haemoglobin (OxyHb), deoxygenated haemoglobin
(HHb), total haemoglobin (totalHb) and oxygenation
index, have been proposed.6–8 A logical next step is to
combine macro- and microvascular measurements to cre-
ate a more complete picture of the cerebral circulation.9,10

Comparisons between macrovascular- and microvascu-
lar-based estimates of cerebral autoregulation can be
made to answer the question if these measurements are
related, and if they capture features of the same physio-
logical processes. The rationale for assuming a relation
between macrovascular- and microvascular-based esti-
mates of DCA is that for both methods cerebral arteriolar
myogenic activity is assumed to be the main regulator
(Figure S1 in Appendix 1). Therefore, the terms macro-
vascular and microvascular relate only to the measure-
ment site and not to the presumed site of action of
cerebral autoregulation.

Discrepancies between both types of DCA estimates
have been reported,5 but direct comparisons between
microvascular- and macrovascular-based DCA esti-
mates with simultaneous measurements of all relevant
variables have rarely been described.9–11 If microvascu-
lar- and macrovascular-based estimates of DCA were
similar, this would be of considerable practical import-
ance, since the feasibility of non-invasive continuous
autoregulation monitoring and guided therapy in clin-
ical situations would certainly increase with easy to
apply NIRS methodology.12

An important difference between the microvascular
and macrovascular measurements is that microvascular
measurements are part of a serial system, while macro-
vascular measurements can be viewed as a parallel
system; except for frequencies in the autoregulation
range, oscillations in MABP and CBFV arrive at their
measurements sites simultaneously.3 For microvascular
measurements, oscillations in HHb are delayed com-
pared to OxyHb as a result of passage through the capil-
lary network. This creates transit time effects, which are
visible in the frequency domain as the linear phase dif-
ference trend phenomenon of group delay: a constant
transit time produces a different phase difference between
the input and output signal for different frequencies13

(see Appendix 1, Part 4 for an example). Another
factor that may induce additional constant phase differ-
ences between OxyHb and HHb is the ‘washout’ phe-
nomenon: during changes in blood flow, an increase in
OxyHb will be matched by a concurrent decrease in
HHb, which will induce a constant phase difference of
180� between OxyHb and HHb oscillations. By contrast,
when blood volume changes, OxyHb and HHb changes

will be synchronous, which will create a 0� phase differ-
ence.14,15 Both transit time effects and effects of varying
blood flow and blood volume oscillations are superim-
posed on phase differences induced by cerebral autore-
gulation. Without additional analysis, it may therefore
be impossible to separate autoregulation effects from
transit time effects and blood flow and blood volume
effects. In the field of movement disorders, the group
delay phenomenon has been used to estimate cortico-
muscular conduction time by using a constant time lag
plus constant phase shift model.16,17 A similar analysis
strategy may aid the TFA of NIRS data; we assume that
the constant time lag is equivalent to the microvascular
transit time, and the constant phase shift is generated by
the balance between blood flow and blood volume oscil-
lations. By applying this model to the NIRS data, we
correct the OxyHb-HHb phase difference for transit time
and blood flow and blood volume oscillation induced
effects, which could enable an unbiased estimation of
DCA induced phase differences. From a frequency
domain-based system analysis perspective, this is equiva-
lent to converting the serial OxyHb-HHb system back to
a parallel system (see Supplementary Data, Appendix 1,
Part 1). This is why MABP-CBFV and OxyHb-HHb
phase differences can be similar in theory, and this
formed one of our main hypotheses.

In this study, we combined DCA measurements
based on MABP and CBFV with simultaneous bilateral
high-frequency NIRS measurements in healthy human
participants. To facilitate the autoregulation analysis, it
is helpful to include the response to stimuli with a known
effect on DCA, like changes in CO2. Hypercapnia is
known to change the autoregulatory state to a less effi-
cient level and may also decrease cerebral transit times,
with concomitant increases in cerebral blood flow and
blood volume as a result of the microvascular dilatation
that is induced.18–21

We compared three different conditions: rest, mild
hypocapnia and hypercapnia. Standard procedures for
DCA assessment were used on MABP and CBFV,
while the constant time lag plus constant phase shift
model was applied to OxyHb and HHb. We evaluated
three main hypotheses:

1. Uncorrected cerebral autoregulation estimates will
be different for MABP-CBFV and OxyHb-HHb.

2. Transit time and the balance between cerebral blood
flow and blood volume oscillations can be deter-
mined by applying the constant time lag plus con-
stant phase shift model to NIRS data.

3. Transit time, blood flow and blood volume oscillations
(TT-BF/BV) corrected cerebral autoregulation esti-
mates based on microvascular measurements
(OxyHb-HHb) are similar to macrovascular (MABP-
CBFV) estimates of cerebral autoregulation.
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Materials and methods

Measurement protocol

Fifteen healthy participants (three male; median age
(range) 28 years (21–45)) volunteered for this study
after providing informed consent. The measurement
protocol was approved by the ethics committee of
the University Medical Centre Groningen and
was in accordance with the latest version of the
Declaration of Helsinki. During the measurements
participants lay supine in a 30� head up position.
Bilateral 2MHz Transcranial Doppler (TCD) trans-
ducers (Delica, Shenzhen, China) were placed over
the transtemporal bone window to record CBFV in
both middle cerebral arteries (MCA). The NIRS sen-
sors (Portalite, Artinis Medical Systems, Elst, The
Netherlands: http://www.artinis.com/portalite/) were
placed bilaterally on the forehead to measure
OxyHb, HHb and TotalHb (mmol/litre tissue). A lat-
eral position on the forehead was chosen to ensure
the measurement would be in brain tissue within the
vascular territory of the MCA. An optode distance of
40mm was used for this study. A Portapress device
(Finapres Medical Systems, Amsterdam, The
Netherlands) was placed on the middle finger to
measure MABP and heart rate (HR) continuously.
The end-tidal CO2 concentration (ETCO2) was mea-
sured by mask capnography, except during the 8%
CO2 inhalation (hypercapnia). The measurement
protocol consisted of 5-minute periods of rest
(REST), followed by cyclic deep breathing (DB;
hypocapnia) and finally DB with 8% CO2 (DBCO2;
hypercapnia) inhalation periods. During REST, fur-
ther analysis with TFA was based on spontaneous
oscillations in MABP, CBFV, OxyHb and HHb
during normocapnia. The reason to use DB is two-
fold: firstly, it will induce MABP oscillations at a
higher amplitude than spontaneous MABP oscilla-
tions.22 Several studies have shown that reproducibil-
ity of the DCA measurements may be improved
by using induced MABP oscillations.23–25 Secondly,
DB will induce a mild degree of hypocapnia, which
can be contrasted with hypercapnia. The participants
had to follow audio instructions that included breath-
ing cycles of 8, 10, 14 and 20 s, covering the fre-
quency range of 0.05–0.125Hz. This frequency
range was chosen such that it would include
the upper very low frequency (VLF) and low fre-
quency (LF) ranges that are used for the determin-
ation of DCA parameters. Individual variations in
the sequence of breathing cycles were implemented
by changing the order of the breathing frequencies
semi-randomly, to approximate the condition of
naturally occurring spontaneous oscillations as closely
as possible.

Cerebral autoregulation analysis without TT-BF/BV
correction

The 250Hz (TCD) and 50Hz (NIRS) data were pre-
processed online to generate beat-to-beat data, but
high-frequency data were also captured and stored sep-
arately. Other processing steps were performed retro-
spectively. Artefacts were removed after visual
inspection. Occasional spike artefacts occurred and
were removed by linear interpolation. In two cases,
major movement related artefact occurred during
REST, but this was identified during measurement
and was corrected for by extending the registration.
The data were thereafter linearly interpolated to
10Hz. The data were split into the different frequency
bands: VLF (0.02–0.07Hz), LF (0.07–0.2Hz) and high
frequency (HF: 0.2–0.5Hz). Power spectral density esti-
mates were performed using the Welch method (100 s
epochs, 50% window overlap). The relationships
between MABP and CBFV and between OxyHb and
HHb were determined with TFA using the recommen-
dations of the international Cerebral Autoregulation
Research Network.1 After computing the gain, phase
and coherence, the phase results were corrected for
phase wrap around by visually inspecting the phase
plots for sudden large phase changes, and subsequently
adding or subtracting 360�. To estimate mean effects,
we also created grand average waveform plots by aver-
aging the TFA results across all participants. For the
TFA results, the averaging was done on the real and
imaginary parts of the transfer function, separately,
which were subsequently transformed back to gain
and phase estimates. This is a standard procedure for
creating averages of circular data.26

Transit time and blood flow and blood volume
oscillation estimates

Because autoregulation effects are minimal above
0.2Hz, the transit time analysis was performed on the
phase difference spectrum in the HF range (0.2–0.5Hz).
For this part of the analysis, we used the high-fre-
quency data, after low pass filtering the data with a
sixth-order zero phase butterworth filter with a cut off
frequency of 0.5 Hz. This resulted in higher coherences
and smaller confidence limits for the phase difference
estimates in the HF band compared to the beat to beat
data. This is important as the transit time analysis is
based on the HF band data.

The constant time lag plus constant phase shift
model states that the phase shift at a specific frequency
fj between two oscillations, x and y, is given as27

’ fj
� �

xy ¼ 360:t:fj þ � ð1Þ
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where t is the constant time lag (in seconds) and � is the
constant phase shift between them. Applying equation
(1) to NIRS, t is equivalent to the transit time TT and
can be calculated from a phase difference spectrum with
a linear slope between frequency fi and frequency fj as

16

TT ¼
’ fið Þxy� ’ fj

� �
xy

ð fi � fj Þ:360
ð2Þ

With short TT, the slope is low, while with longer
TT it will become steeper.

The constant phase shift � is particularly relevant
when considering OxyHb and HHb data: the well-
known ‘washout’ effect will induce a constant phase
shift of 180� between OxyHb and HHb oscillations.
This effect will be present if blood flow oscillations
are prominent. On the other hand, we assume the con-
stant phase shift to be 0� if blood volume oscillations
are dominant, as has been suggested previously.14,15

Although blood flow oscillations are usually dominant
in brain tissue,28 a mixture of both blood flow and
blood volume oscillations may be present, as has been
previously reported in the literature, which may result
in a constant phase difference in between 0� and
180�.29,30 Figure 1 illustrates these effects on simulated
data. These effects were further examined and quanti-
fied in a simulation experiment, the details of which can
be found in Appendix 1, Parts 1 and 2. Importantly,
these simulations show that the slope of the linear
phase difference trend can change as a result of different
transit times but also as a result of different percentages
of blood flow and blood volume oscillations. However,
with changing transit times and constant blood flow
and blood volume oscillations, the Y-axis intercept of
the linear phase trend will remain constant, while with
different percentages of blood flow and blood volume
oscillations but constant transit time, the X-axis inter-
cept of the linear phase trend will remain constant
(Figure 1, bottom row). On the basis of these results,
one can deduce that the percentage of blood flow
oscillations ( %BF) can be estimated from the Y-axis
intercept (Yx¼0) as:

%BF ¼
Yx¼0

180
:100 ð3Þ

With an increasing percentage of blood volume
oscillations, the 0-s transit time associated with blood
volume changes will reduce the slope of the linear phase
difference trend, but the X-axis intercept (Xy¼0) will still
be determined by the transit time associated with blood
flow oscillations. The transit time associated with blood
flow changes (TTðBFÞ) can be retrieved by drawing a
line between the point Y¼ 180; X¼ 0 and the X-axis

intercept and determining its slope according to equa-
tion (2):

TTðBFÞ ¼
180

Xy¼0:360
ð4Þ

For this study, the mean transit time TT was deter-
mined by fitting a straight line to the phase difference
bins with significant coherence in the HF range (0.2–
0.5Hz), by using a least squares fitting procedure. The
mean transit time TT reflects the transit time associated
with the relative contributions of both blood flow and
blood volume oscillations. Only data sections that
yielded at least five consecutive bins with significant
coherence were accepted, thereby avoiding inclusion
of bins with significant coherence that arose by
chance.27 The mean transit time was calculated accord-
ing to equation (2), and extrapolation of the linear
trend outside the HF range was performed by applying
equation (1).

Cerebral autoregulation analysis with TT-BF/BV
correction

We assume that the measured OxyHb-HHb phase dif-
ference is the result of transit time induced phase differ-
ences, the relative contribution of blood flow and blood
volume oscillations and the effects of cerebral autoregu-
lation. Therefore, to correct the OxyHb-HHb phase dif-
ference estimate for transit time effects and blood flow
and blood volume oscillations, we subtracted the linear
phase trend in the HF range generated by transit time
and blood flow and blood volume oscillations from the
measured OxyHb-HHb phase difference. After subtrac-
tion, the remaining phase difference should then be
determined by cerebral autoregulation only.

Statistical analysis

The statistical analysis was performed in SPSS (version
21). Data were expressed as median (IQR) values because
of non-normal distributions. Friedman’s two-way ana-
lysis of variance was used to test for significant differ-
ences between the conditions REST vs. DB, REST vs.
DBCO2 and DB vs. DBCO2, and was applied to the left
and right sides, separately. Bonferroni post hoc correc-
tions for multiple comparisons were used in all analyses.
Differences between microvascular and macrovascular
DCA estimates were evaluated with related samples
Wilcoxon signed-rank test. Intraclass correlation (ICC)
analysis was used to evaluate the agreement between
microvascular and macrovascular TFA results, using
the two-way mixed model with absolute agreement
option in SPSS. When necessary, data were log-trans-
formed to obtain a normal distribution. ICCs were
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tested for significance by applying an F-test with true
value 0. For all tests, we assumed a significance level of
a¼ 0.05.

Results

Hemodynamic variables

Table 1 provides an overview of the hemodynamic vari-
ables obtained from the 15 participants during the

experiment. MABP increased during DBCO2 and was
significantly higher compared to REST. Heart rate was
significantly higher during DB compared to the other
conditions, although the absolute difference was only
small (� 5 beats/min). ETCO2 decreased during DB
(REST: 5.1 vs. DB: 4.7 kPa, p¼ 0.03). ETCO2 monitor-
ing was not possible during DBCO2. As expected,
the power in both the LF and VLF range of the ABP
signal increased significantly during both DB periods
(REST vs. DB vs. DBCO2: LF: 13.2 vs. 41.1 vs.

Figure 1. Transfer function results on simulated data. Five data segments were used in the averaging procedure that is part of TFA.

Top row: MABP-CBFV comparison: reference data are depicted in grey dashed lines, while solid black lines indicate the TFA results.

Middle row: OxyHb-HHb comparison: in the phase difference plot, the dotted line indicates the linear trend in the HF data.

Subtracting this linear trend from the OxyHb-HHb data (black solid line) results in the transit time corrected phase difference (solid

grey line), which is very close to the reference data. Bottom row: OxyHb-HHb phase difference spectra for different TTs and different

percentages of blood volume oscillations (%BV). %BV was varied by changing the percentage of data segments with synchronous

OxyHb and HHb oscillations. Note that for different transit times, the Y-axis intercept of the linear phase trend due to transit time

does not change but the X-axis intercept does, while for different percentages of blood volume oscillations the X-axis intercept

remains constant and the Y-axis intercept changes. For details see Appendix 1, Parts 1 and 2. MABP-CBFV: mean arterial blood

pressure-cerebral blood flow velocity; OxyHb-HHb: oxygenated haemoglobin-deoxygenated haemoglobin; TT: transit time; BV: blood

volume.
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40.5 mmHg2�Hz�1, p< 0.001 vs. REST for both DB
and DBCO2, VLF: 52.8 vs. 105.9 vs. 110.3 mmHg2�
Hz�1, p¼ 0.02 for DB vs. REST, p¼ 0.09 for DBCO2

vs. REST), but power in the HF range remained
unchanged. CBFV decreased during DB, and increased
during DBCO2, with significant differences only between
DB and DBCO2. OxyHb, HHb and totalHb showed
highly significant changes between the three conditions,
with an increase in OxyHb and totalHb and a decrease
in HHb during DBCO2, and a reversed pattern during
DB. Figure 2 shows an example of a raw data recording
in a volunteer.

Cerebral autoregulation analysis without TT-BF/BV
correction

Tables 2 (LF band data) and 3 (VLF band data) pre-
sent an overview of the MABP-CBFV and OxyHb-
HHb TFA results in the cerebral autoregulation
range, without TT-BF/BV correction.

LF band data. Using MABP-CBFV data, a significant
phase difference decrease during DBCO2 (left 23.4�;
right 22.9�) was seen compared to DB (left 58.4�; right

54.2�, p< 0.001 for both sides) and to a lesser degree also
compared to REST (left 35.4� ; right 36.1�, left p¼ 0.01,
right p¼ 0.13). Relative gain values also decreased signifi-
cantly during DBCO2 compared to REST and DB.
Coherence increased significantly during DBCO2 com-
pared to DB, but not compared to REST. Using the
OxyHb-HHb data, the phase difference decreased mark-
edly during DBCO2 compared to REST (left 30.4�; right
57.7�, REST: left 118.2�; right 122.3�, p< 0.01 for both
sides) but no significant change occurred during DB (left
125.4�; right 139.9�, p¼ 1 for both sides). Gain decreased
during DBCO2, but not significantly for both hemi-
spheres. Coherence showed no clear changes.

VLF band data. Using the MABP-CBFV data, no signifi-
cant differences between conditions were found for gain
or coherence. Although phase values were lower during
DBCO2 and during DB compared to REST, variability
was high, and phase was only significantly lower for the
left hemisphere for the REST-DBCO2 comparison.
Using the OxyHb-HHb data, no major changes were
found for gain or coherence, but phase decreased
during DBCO2, and was significantly different from
REST, but not from DB.

Table 1. Hemodynamic variables, MABP-power spectral density data, and statistical comparisons.

Median values (IQR) Post hoc Friedman test (p-value)

Test condition REST (n¼ 15) DB (n¼ 15) DBCO2 (n¼ 15) REST-DB REST-DBCO2 DB-DBCO2

MABP (mmHg) 85.1 (20.4) 88.7 (20.7) 95.5 (20.2) 1.0 0.02 0.09

Heart rate (min�1) 68.1 (22.9) 73.0 (21.3) 68.1 (18.8) 0.03 1.0 0.02

ETCO2 (kPa) 5.1(0.6) 4.7 (0.4) a 0.03 – –

MABP PSD (mmHg2/Hz�1)

VLF (0.02–0.07 Hz) 52.8 (65.5) 105.9 (71.3) 110.3 (159.6) 0.02 0.09 1.0

LF (0.07–0.2 Hz) 13.2 (13.2) 41.1 (52.6) 40.5 (44.2) <0.001 <0.001 1.0

HF (0.2–0.5 Hz) 1.0 (1.1) 1.2 (1.2) 2.2 (2.3) 1.0 0.09 0.09

CBFV (cm/s)

Left 63.8 (22.0) 48.8 (22.7) 73.6 (30.1) 0.06 0.13 <0.001

Right 60.1 (15.3) 49.5 (15.0) 77.4 (22.6) 0.06 0.13 <0.001

OxyHb (mmol/l tissue)

Left 0.5 (1.6) �0.07 (2.2) 2.6 (5.8) <0.001 <0.001 <0.001

Right 0.5 (0.5) �0.2 (1.6) 2.7 (6.7) <0.001 <0.001 <0.001

HHb (mmol/l tissue)

Left �0.05 (0.5) 0.1 (0.2) �2.5 (3.0) <0.001 <0.001 <0.001

Right 0.0 (0.5) 0.02 (0.9) �2.4 (2.7) <0.001 <0.001 <0.001

totalHb (mmol/l tissue)

Left 0.4 (1.6) 0.08 (1.9) 0.5 (4.6) <0.001 0.167 <0.001

Right 0.3 (1.6) �0.3 (1.5) 0.4 (5.1) <0.001 0.024 <0.001

All values are reported as median (IQR) for the three test conditions: REST, DB and DBCO2 inhalation; p-values are given for the post hoc Friedman

test. The MABP PSD was calculated for the frequency ranges: VLF, LF and HF.

MABP: Mean arterial blood pressure; ETCO2: end-tidal CO2; PSD: power spectral density; CBFV: cerebral blood flow velocity; OxyHb: oxyhaemo-

globin; HHb: deoxyhaemoglobin; totalHb: total haemoglobin; VLF: very low frequency; LF: low frequency; HF: high frequency; REST: 5-minute periods

of rest; DB: deep breathing; DBCO2: deep breathing with 8% CO2.
aEnd-tidal CO2 monitoring was not possible during the inhalation of 8% CO2.
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OxyHb-HHb vs. MABP-CBFV. When comparing the
OxyHb-HHb analysis with the MABP-CBFV analysis,
gain was much lower for OxyHb-HHb in all conditions
for both the VLF and LF band (all comparisons
p< 0.05). The phase difference was consistently and
significantly higher for the OxyHb-HHb analysis in
all conditions and for both the VLF and LF band
data (all comparisons p< 0.05), but the median

(OxyHb-HHb) � (MABP-CBFV) phase difference
was much smaller during DBCO2 (VLF: left 75.0�

right 66.9�, LF: left: 40.8� right 17.8�) compared to
REST (VLF: left 117.5� right 110.2�, p> 0.05 for
both sides, LF: left: 85.7� right 83.9�, left p< 0.001
right p¼ 0.004) and DB (VLF: left 140.8� right
130.9�, p> 0.05 for both sides, LF: left: 82.7� right
69.6�, left p¼ 0.032 right p¼ 0.017), although these

Figure 2. Raw data recording in a representative healthy volunteer. (a) the ABP, (b) the CBFV in the (left) middle cerebral artery and

(c) the (left) OxyHb and (left) HHb signals expressed as concentration differences compared to baseline. The vertical lines separate

the different conditions. From left to right: REST, DB, and DBCO2. The lower panel (d) zooms in on the 120 s of data during the DB

task framed in (c), which shows the typical antiphase relation between OxyHb and HHb for slow oscillations during high blood flow

conditions. Note that the amplitude of oscillations in the OxyHb signal was higher compared to the HHb signal, with increasing

amplitudes during both DB periods. During DBCO2, CBFV and OxyHb increase clearly with a comparatively smaller decrease in

absolute values of HHb, which is caused by increased CBF and CBV during hypercapnia while assuming stable brain metabolism. ABP:

arterial blood pressure; CBFV: cerebral blood flow velocity; OxyHb: oxygenated haemoglobin; HHb: deoxygenated haemoglobin.
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differences were only significant for the LF band data.
The ICC analysis showed a uniform absence of signifi-
cant agreement between OxyHb-HHb and MABP-
CBFV TFA results, for both gain and phase in both
the VLF and LF band during all conditions. Regression
analysis also showed an absence of a significant linear
relation between uncorrected OxyHb-HHb and
MABP-CBFV phase differences during all conditions,
except for the right sided measurements during DBCO2

(MABP-CBFV¼ 13.7þ 0.14�OxyHB-HHB phase
difference, p¼ 0.01). Coherence was lower in all condi-
tions for OxyHb-HHb compared to MABP-CBFV for
the LF band data but not for the VLF band data.

Cerebral autoregulation analysis with TT-BF/BV
correction

Figure 3 shows the grand average phase difference spec-
tra for all three conditions and is based on the data of
all 15 subjects. During REST and DB, subtraction of
the linear trend in the HF data results in a phase dif-
ference spectrum that is very similar to the MABP-
CBFV phase difference spectrum. This result is qualita-
tively equal to the result that was obtained using the

simulated data (Figure 1). However, during DBCO2,
the slope of the linear trend in the HF data is almost
zero, suggesting a high percentage of blood volume
changes, and subtraction of this trend does not result
in major changes in the OxyHb-HHb spectrum. Note
that despite the different slopes, the X-axis intercept for
the linear phase difference trend is similar for all three
conditions. For the LF band, the OxyHb-HHb and
MABP-CBFV phase difference spectra are still similar,
but for the VLF the difference is high. This result was
not predicted from analysis of the simulated data.

Table 4 shows the results of the cerebral autoregula-
tion analysis after TT-BF/BV correction in individual
subjects. In four subjects, coherence in the HF band
was insufficient for reliable calculation of transit time.
These subjects were left out of the analysis which is
presented in Table 4.

During all conditions, median phase differences were
not significantly different between MABP-CBFV and
corrected OxyHb-HHb, except for the VLF band
data on the left side during DBCO2, which showed
higher values for corrected OxyHb-HHb compared to
MABP-CBFV (52.3� vs. 30.3�, p¼ 0.03). All (MABP-
CBFV) – (corrected OxyHb-HHb) phase differences

Table 2. Transfer function analyses and statistical comparisons: LF band data.

Median values (IQR) Post hoc Friedman test (p-value)

Test condition Side REST (n¼ 15) DB (n¼ 15) DBCO2 (n¼ 15) REST-DB REST-DBCO2 DB-DBCO2

MABP-CBFV

Gain (cm/s)/mmHg Left 1.0 (0.5) 0.9 (0.5) 0.9 (0.5) NC NC NC

Right 1.1 (0.6) 0.8 (0.4) 0.8 (0.4) 0.006 0.002 1.0

Gain (%/%) Left 1.5 (0.3) 1.6 (0.7) 1.1 (0.3) 0.82 0.02 <0.001

Right 1.5 (0.5) 1.4 (0.2) 1.1 (0.3) 1.0 0.001 0.002

Phase (�) Left 35.4 (17.6) 58.4 (30.7) 23.4 (18.2) 0.01 0.20 <0.001

Right 36.1 (10.1) 54.2 (24.7) 22.9 (24.7) 0.13 0.03 <0.001

Coherence Left 0.7 (0.2) 0.6 (0.1) 0.8 (0.2) 0.30 0.30 0.003

Right 0.7 (0.2) 0.6 (0.2) 0.8 (0.2) 0.13 0.43 0.002

OxyHb-HHb

Gain (mmol/l tissue)/ Left 0.2 (0.1) 0.3 (0.1) 0.2 (0.1) 1.0 0.09 0.02

(mmol/l tissue) Right 0.3 (0.1) 0.3 (0.1) 0.2 (0.1) 1.0 0.04 0.11

Gain (%/%) Left 0.5 (0.2) 0.5 (0.3) 0.3 (0.1) 1.0 0.03 0.01

Right 0.5 (0.3) 0.5 (0.3) 0.3 (0.2) 1.0 0.05 0.13

Phase (�) Left 118.2 (52.4) 125.4 (49.3) 30.4 (59.1) 1.0 <0.001 0.02

Right 122.3 (41.7) 139.9 (56.5) 57.7 (72.8) 1.0 0.007 0.004

Coherence Left 0.5 (0.2) 0.4 (0.2) 0.6 (0.3) 1.0 0.20 0.03

Right 0.4 (0.3) 0.5 (0.3) 0.5 (0.2) NC NC NC

Transfer function analysis with input parameters MABP and OxyHb and output parameters CBFV in the middle cerebral artery and HHb, respectively.

Values are given as median values (IQR) for the three test conditions; REST, DB and DBCO2; p-values are given for the post hoc Friedman test. NC

indicates no post-hoc statistics were calculated as the Friedman test detected no overall significance difference. Gain (%/%) refers to normalised data

while (cm/s)/mmHg and (mmol/l tissue)/(mmol/l tissue) refer to data that were mean subtracted. Coherence: values are means of the LF band. MABP:

Mean arterial blood pressure; CBFV: cerebral blood flow velocity; OxyHb: oxyhaemoglobin; HHb: deoxyhaemoglobin; totalHb: total haemoglobin; LF:

low frequency; REST: 5-minute periods of rest; DB: deep breathing; DBCO2: deep breathing with 8% CO2.
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were much lower compared to the autoregulation ana-
lysis without TT-BF/BV correction. The ICC analysis
indicated significant agreement between MABP-CBFV
and corrected OxyHb-HHb phase differences for the
LF band data during rest and DB on both sides, but
for the VLF band and HF band no significant agree-
ment was found. The mean absolute phase difference
between MABP-CBFV and corrected OxyHb-HHb was

much lower for the LF and HF band data compared to
the VLF band data.

The mean transit time was similar during REST (left
0.68� 0.23, right 0.74� 0.20) and DB (left 0.70� 0.63,
right 0.87� 0.34), but decreased markedly during
DBCO2 (left: 0.22� 0.32, right 0.33� 0.13, p< 0.05
vs. REST and DB for both sides). However, the transit
time related to blood flow changes was remarkably

Figure 3. Grand average phase difference spectrum results. The grand average mean arterial blood pressure (MABP)-cerebral blood

flow velocity (CBFV) phase difference and oxyhaemoglobin (OxyHb)- deoxyhaemoglobin (HHb) phase difference for the frequency

range 0–0.5 Hz for REST, DB and DBCO2. Outside the autoregulatory frequency range in the HF band, the MABP-CBFV phase shift

(yellow lines) fluctuates around 0� for the three conditions, indicating that these calculations are not influenced by transit time. This is

the typical spectral profile of a parallel system. The OxyHb-HHb HF phase difference shows a linear trend during REST and DB (grey

lines). This is the typical spectral profile of a serial system with transit time. Subtracting the linear trend from the OxyHb-HHb phase

difference results in the TT-BF/BV corrected OxyHb-HHb phase difference (blue lines). Note that during REST and DB, the TT-BF/BV

corrected phase difference is very similar to the MABP-CBFV phase difference. During CO2 inhalation (DBCO2), the slope of the

linear phase difference trend decreases, indicating a decrease in mean transit time. However, the X-axis intercept does not change

compared to RESTand DB, suggesting prominent blood volume changes. In the VLF range, blood flow changes remain dominant, and a

mismatch between the MABP-CBFV and TT-BF/BV corrected OxyHb-HHb phase difference spectrum is present. MABP-CBFV: mean

arterial blood pressure-cerebral blood flow velocity; OxyHb-HHb: oxygenated haemoglobin-deoxygenated haemoglobin; DBCO2:

deep breathing with the inhalation of 8% CO2.
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stable during all conditions, with mean values of
around 1.1 to 1.2 s, with no significant differences
between the three conditions. The estimated percentage
of blood flow changes was similar during REST (left
66� 22, right 73� 16) and DB (left 63� 28, right
65� 23), but decreased significantly during DBCO2

(left 21� 31, right 26� 19, p< 0.05 vs. REST and DB
for both sides).

Discussion

In this study, we performed detailed analysis of MABP,
CBFV and NIRS signals to answer the question if
microvascular- and macrovascular-based estimates of
DCA are similar. The comparisons were made both
with and without TT-BF/BV correction. TT-BF/BV
correction was implemented by applying the constant
time lag plus constant phase shift model, which is a
well-known model for the analysis of serial systems in
the frequency domain. Our main findings are:

1. Without TT-BF/BV correction, microvascular-based
estimates of cerebral autoregulation are different

from macrovascular-based estimates of cerebral
autoregulation, with much higher phase differences
for microvascular-based estimates in all conditions.

2. Transit time and the percentage of blood flow and
blood volume oscillations can be calculated from the
OxyHb-HHb phase difference spectrum in the HF
band by using the constant time lag plus constant
phase shift model, provided that coherence is large
enough for reliable analysis.

3. After TT-BF/BV correction, microvascular-based
estimates of DCA are similar to macrovascular-
based DCA estimates. For grand average data, this
is true for the entire phase difference spectrum, while
for individual data this applies to the LF band only.

4. DBCO2 resulted in a decrease of both microvascular
and macrovascular measurement-based phase differ-
ences in the LF band, but not in the VLF band.
A decrease in mean transit time was also observed,
but the transit time related to blood flow oscillations
was remarkably stable during all conditions. During
DBCO2, the percentage of blood volume oscillations
increased in the LF and HF band, but not in the
VLF band.

Table 3. Transfer function analyses and statistical comparisons: VLF band data.

Median values (IQR) Post hoc Friedman test (p-value)

Test condition Side REST (n¼ 15) DB (n¼ 15) DBCO2 (n¼ 15) REST-DB REST-DBCO2 DB-DBCO2

MABP-CBFV

Gain (cm/s)/mmHg Left 0.5 (0.5) 0.6 (0.4) 0.6 (0.2) NC NC NC

Right 0.7 (0.4) 0.6 (0.4) 0.6 (0.3) NC NC NC

Gain (%/%) Left 0.8 (0.3) 0.9(0.5) 0.8 (0.3) NC NC NC

Right 0.9 (0.3) 1.0 (0.6) 0.8 (0.3) NC NC NC

Phase (�) Left 52.0 (47.2) 36.6 (36.3) 26.3 (28.9) 0.15 0.02 1.0

Right 54.4 (18.1) 24.5 (38.1) 25.9 (29.3) 0.12 0.07 1.0

Coherence Left 0.3 (0.2) 0.4 (0.2) 0.5 (0.2) NC NC NC

Right 0.3 (0.3) 0.4 (0.2) 0.5 (0.3) 0.6 0.06 0.20

OxyHb-HHb

Gain (mmol/l tissue)/ Left 0.3 (0.1) 0.2 (0.2) 0.2 (0.1) 0.79 0.01 0.22

(mmol/l tissue) Right 0.3 (0.2) 0.3 (0.1) 0.2 (0.1) NC NC NC

Gain (%/%) Left 0.6 (0.1) 0.5 (0.2) 0.4 (0.2) 0.20 0.03 1.0

Right 0.6 (0.2) 0.5 (0.1) 0.3 (0.1) 0.43 0.01 0.43

Phase (�) Left 166.6 (53.5) 161.9 (91.4) 80.0 (91.3) 0.22 0.01 0.79

Right 172.1 (18.1) 165.0 (45.8) 117.1 (85.1) 0.35 0.005 0.35

Coherence Left 0.4 (0.4) 0.3 (0.4) 0.4 (0.4) NC NC NC

Right 0.5 (0.3) 0.4 (0.3) 0.4 (0.2) NC NC NC

Transfer function analysis with input parameters MABP and OxyHb and output parameters CBFV in the middle cerebral artery) and HHb, respectively.

Values are given as median values (IQR) for the three test conditions; REST, DB and DBCO2; p-values are given for the post hoc Friedman test. NC

indicates no post-hoc statistics were calculated as Friedman test detected no overall significance difference. Gain (%/%) refers to normalised data while

(cm/s)/mmHg and (mmol/l tissue)/(mmol/l tissue) refer to data that were mean subtracted. Coherence: values are means of the VLF band. MABP: Mean

arterial blood pressure; CBFV: cerebral blood flow velocity; OxyHb: oxyhaemoglobin; HHb: deoxyhaemoglobin; totalHb: total haemoglobin; VLF: very

low frequency; REST: 5-minute periods of rest; DB: deep breathing; DBCO2: deep breathing with 8% CO2.
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Cerebral autoregulation estimates without TT-BF/BV
correction

The finding that macrovascular- and microvascular-
based estimates of DCA are different was expected and
can be explained by the transit time effects and blood
flow and blood volume effects that are present for the
microvascular-based estimates and absent for macrovas-
cular-based estimates. In response to DB and DBCO2,
LF phase differences between MABP and CBFV
increased and decreased, respectively. This is a well-
known phenomenon and has been reported several
times by other authors and was interpreted as a stronger
vs. weaker autoregulatory response during hypo- and
hypercapnia respectively.19,31,32 The uncorrected
OxyHb-HHb VLF and LF phase differences showed a
similar pattern, but the values were significantly higher
compared to the MABP-CBFV phase difference during
all conditions. With DBCO2, this difference was signifi-
cantly lower compared to the other conditions. This can
be explained by the increase in cerebral blood volume
oscillations during hypercapnia which will decrease the

mean transit time due to the 0-s transit time that is
associated with blood volume oscillations. The lack of
any agreement and the prevailing lack of a significant
linear relation between uncorrected microvascular- and
macrovascular-based cerebral autoregulation estimates
demonstrate that uncorrected OxyHb-HHb phase differ-
ences cannot be used to estimate cerebral autoregulation.

Transit time, blood flow and blood volume oscillations

The results of the OxyHb-HHb grand average data
during rest and DB are very similar to the simulated
data results, which strongly suggest that the underlying
assumptions behind the constant time lag plus constant
phase shift model are correct during these conditions.
However, during DBCO2, the VLF band results
deviated from what was predicted by the simulated
data, probably because the assumption that blood
volume oscillations would increase for every frequency
is not correct. The brain is encased in a rigid skull,
which may not allow unlimited blood volume
changes.15,33 Especially for the VLF band, induced

Table 4. Results of the phase difference values between OxyHb and HHb after TT-BF/BV correction.

Frequency Band

Corrected

OxyHb-HHb MABP-CBFV p-value

Mean Abs

Error ICC TT mean TT BF %BF

REST

VLF left 48.7 (23.4) 46.3 (11.5) >0.05 17.2 (27.4) �0.14

VLF right 46.1 (34.5) 40.9 (12.3) >0.05 33.6 (67.8) 0.1

LF left 30.7 (7.5) 29.5 (6.5) >0.05 4.5 (7.2) 0.60a

LF right 39.6 (23.6) 32.6 (8.9) >0.05 9.8 (9.5) 0.56a

HF left 4.1 (5.6) 1.2 (6.3) >0.05 4.3 (3.3) �0.07 0.68 (0.23) 1.14 (0.14) 66 (22)

HF right 6.8 (6.8) 0.2 (7.8) >0.05 6.0 (10.0) �0.36 0.74 (0.20) 1.14 (0.10) 73 (16)

DB

VLF left 59.5 (50.9) 27.1 (7.7) >0.05 35.6 (38.6) 0.44

VLF right 66.7 (75.0) 29.7 (4.6) >0.05 60.9 (22.5) �0.62

LF left 43.3 (29.4) 48.6 (20.9) >0.05 10.6 (11.7) 0.73a

LF right 61.8 (32.6) 52.1 (10.9) >0.05 8.5 (17.3) 0.70a

HF left 1.1 (19.7) 1.9 (11.3) >0.05 9.5 (12.8) �0.03 0.70 (0.63) 1.22 (0.20) 63 (28)

HF right 7.3 (4.9) 5.8 (7.8) >0.05 10.0 (8.3) 0.17 0.87 (0.34) 1.14 (0.22) 65 (23)

DBCO2

VLF left 52.3 (72.3) 30.3 (16.1) 0.03 53.9 (31.3) 0.42

VLF right 65.6 (57.0) 23.4 (17.9) >0.05 51.1 (31.9) �0.21

LF left 27.9 (22.2) 20.4 (9.0) >0.05 14.0 (6.5) 0.33

LF right 19.8 (14.7) 21.2 (11.8) >0.05 8.8 (7.0) 0.37

HF left 2.2 (5.0) 3.5 (6.3) >0.05 6.1 (10.4) �0.17 0.22 (0.32)b 1.11 (0.22) 21 (31)b

HF right 5.4 (5.2) 4.0 (11.4) >0.05 9.9 (4.2) �0.28 0.33 (0.13)b 1.22 (0.18) 26 (19)b

Due to lack of sufficient coherence in the HF band, 4 subjects were left out of the analysis, leaving 11 subjects for this analysis. For comparison, the

MABP-CBFV phase difference is also presented. Mean Abs error: mean of the absolute angular difference between the corrected OxyHb-HHb and

MABP-CBFV phase difference; ICC: intraclass correlation coefficient; TT mean: mean transit time; TT BF: transit time for blood flow changes; %BF:

estimated percentage of blood flow changes.
aICC value significantly different from 0.
bSignificant difference vs. REST and DB for TT mean and %BF.
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oscillations are of high amplitude, which may exceed
the limits of blood volume expansion induced by hyper-
capnia. Therefore, blood flow changes must occur in
order to prevent a rise in intracranial pressure. For
higher frequencies, blood volume changes are of
lower amplitude and blood volume changes may not
be limited during hypercapnia.

On individual data, in 4 out of 15 subjects, coherence
was too small for reliable calculations of transit time
and percentages of blood flow and blood volume oscil-
lations. This was probably caused by noise, or by insuf-
ficient power in the HF band, in combination with
measurements of relatively short duration.
The confidence limits of the phase difference spectra
depend on the size of coherence and the number of
data segments used in the averaging procedure for
TFA.34,35 Using data with low coherence will increase
the confidence limits and will therefore result in major
error when calculating transit time and blood flow and
blood volume oscillations. The solution to this problem
could either be to use manoeuvres to increase coherence
in the HF band or to increase the duration of the meas-
urement to increase the number of data segments that
are used for averaging during TFA. When comparing
our transit times with those reported in other types of
studies, the average microvascular transit times are
quite similar for both human5 and animal36,37 data,
which supports the validity of these measurements.

Cerebral autoregulation estimates with TT-BF/BV
correction

For individual data, after correcting the OxyHb-HHb
phase difference spectrum using the constant time lag
plus constant phase difference model, the mean absolute
difference with the MABP-CBFV phase spectrum was
low for the LF band and HF band, but high for the
VLF band data. A significant agreement between
OxyHb-HHb and MABP-CBFV phase differences was
found for the LF band data during REST and DB, but
not during DBCO2. With similar mean absolute phase
differences between OxyHB-HHb and MABP-CBFV in
the LF band during the three conditions, this can be
explained by a reduced range of phase difference
values during DBCO2, which will reduce any correla-
tion-based indices including ICC. Therefore, the lower
ICC values in the LF band during DBCO2 do not indi-
cate an increase in error or a true decrease in agreement.
A similar explanation can account for a lack of agree-
ment in the HF band data. For the VLF band, coher-
ence values were on average much lower compared to
the LF band data (0.3 vs. 0.7, Tables 2 and 3) for
MABP-CBFV, but not for OxyHb-HHb. This which
will increase the error in the phase estimates for
MABP-CBFV and will cause a reduced agreement

with the OxyHb-HHb estimates. From these results,
we can conclude that the LF band data can provide
the most reliable estimates of cerebral autoregulation.
In the VLF band, the autoregulation system may exhibit
strong non-linear and non-stationary properties, or there
may be contribution of other variables that cannot be
measured.38,39 Although there may be valuable informa-
tion in the VLF band, the TFA that was used in the
present study does not produce reliable estimates of cere-
bral autoregulation in this frequency band.

Contrary to other studies,5 we found a significant
agreement between microvascular and macrovascular
phase difference estimates of cerebral autoregulation in
the LF band, which is to the best of our knowledge a
unique finding which has never been reported in the lit-
erature. Other studies that have directly compared
microvascular with macrovascular estimates of DCA
have reported correlations with MABP and NIRS vari-
ables only11,40 and did not evaluate agreement (i.e. ICC
analysis) but reported associations or correlations.9

However, recently DCA estimates obtained with the
technique of diffuse correlation spectroscopy DCS
showed good agreement with regulation rates measured
by TCD.10 Although time domain DCA estimates based
on thigh cuff induced blood pressure decreases were used
in that study, the finding of good agreement between
microvascular- and macrovascular-based estimates of
DCA is essentially similar to the results presented in
our study. The fact that high levels of agreement
between microvascular- and macrovascular-based esti-
mates of DCA can be found with different techniques
and with both time domain and frequency domain esti-
mates of DCA further supports the interpretation that
microvascular- and macrovascular-based estimates of
DCA can be used to measure the same physiological
process. When comparing our method with the DCS
method, the advantage of our method is that it can be
applied to spontaneous blood pressure oscillations with-
out the need for using thigh cuffs. Another advantage is
that blood pressure measurement is not necessary for the
determination of microvascular DCA in our method,
while for the rate of regulation parameter in the DCS
method, a continuous blood pressure measurement is
required. Because measurement of DCA based on
NIRS variables alone has practical benefit, we focussed
on the OxyHb-HHb comparison in this study. However,
it is possible to use the same analysis strategy on differ-
ent variable combinations (MABP vs. NIRS, CBFV vs.
NIRS), and such extensions of this methodology can be
further explored in the future.

The effects of hypercapnia

During REST and DB, the results of the analysis with
the constant time lag plus constant phase difference
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model suggest dominant blood flow oscillations, with a
minor contribution of blood volume changes. During
DBCO2, we found very high levels of blood volume
changes in the LF and HF band, which was accompa-
nied by a decrease in mean transit time compared to
REST and DB. However, the transit time associated
with blood flow changes showed very little change,
which suggests that the primary change induced by dif-
ferent levels of CO2 is the percentage of cerebral blood
volume changes, and not a change of the capillary tran-
sit time itself. Highly similar results were found in the
simulation study, which further supports this interpret-
ation. Similar findings have been published recently,
where hypocapnia due to hyperventilation did not
result in an altered transit time estimate, but blood
volume estimates changed.5

The finding of an unchanged transit time associated
with blood flow changes during very different condi-
tions with a different balance between oscillations in
cerebral blood flow and blood volume is hard to
explain using a simple serial capillary system model.
We speculate that during hypercapnia, parallel vascular
channels such as metarterioles could be recruited and
may act as capacitance vessels and arteriovenous shunt
channels. The system would then change to a parallel
system, with constant transit time in the capillary part,
while in the metarterioles oscillations in OxyHb could
synchronise with capillary venous oscillations in HHb,
to result in a transit time near 0 s. This theory is further
explained and illustrated in Appendix 1, Part 3.

Limitations

Firstly, this is a relatively small study with relatively
short recordings, and although the main effects are
clear, the findings should be expanded to a larger
cohort. The sex ratio was heavily skewed towards
females in our study population, and it is known that
females have different DCA status compared to
males.41 However, the main results of this study
should not be affected by the skewed sex distribution,
as the most important results are based on intraindivi-
dual differences between techniques and conditions.

Secondly, we used DBCO2 in this experiment, but we
were unable to measure to which degree the CO2 level
was changed by 8% CO2 inhalation. Therefore, we
were unable to verify if the level of hypercapnia was
related to the change in autoregulation, mean transit
time and cerebral blood volume oscillation estimates.
Similarly, hypocapnia was not controlled in this experi-
ment. We prioritised the measurement protocol
towards random breathing instructions, rather that
attaining a fixed level of hypocapnia, because establish-
ing blood pressure oscillations is essential for estimat-
ing cerebral autoregulation. It is also possible that DB

and DBCO2 induced changes in cerebral venous pres-
sure or ICP, but we were not able to verify if such
changes occurred and therefore were not able to correct
for them. This may have contributed to variability of
the measurements and analysis.

Thirdly, the constant time lag plus constant phase
shift model was not applicable in every subject due to
low coherence. This limits application in individual
subjects or patients. Future studies should find ways
to increase applicability in every subject or patient. A
logical first approach would be to find ways to increase
coherence, for example by employing other methods to
induce blood pressure oscillations or by using longer
registration periods. Compared to other microvascular
models,6 the constant time lag plus constant phase shift
model is relatively simple and does not consider other
factors such as arterial oxygen saturation, capillary
lengths and diffusion coefficients. However, even with
a relatively simple model, we observe a significant
agreement between MABP-CBFV and OxyHb-HHb
oscillations and between simulated data and physio-
logical data, which suggests that the underlying
assumptions are realistic. This does not mean that
there is no room for improvement; it could be that
agreement would increase when other factors are
accounted for. On the other hand, one has to aim for
the minimum number of variables needed to adequately
describe the data and be critical towards the added
value of any new variable that is introduced.

Fourth, NIRS measurements are not spatially
resolved and although we used a 40mm optode dis-
tance, we cannot exclude contributions from extracra-
nial tissue. However, the finding of similarity between
MABP-CBFV and corrected OxyHB-HHb phase dif-
ferences strongly suggest that at least the oscillatory
components of the NIRS signals were predominantly
determined by brain tissue. Furthermore, the OxyHb-
HHb phase difference spectrum during REST and DB
was compatible with dominance of blood flow oscilla-
tions, which is typical for brain tissue and atypical for
extracranial tissue.28 NIRS is also a focal measurement
and since we only measured in the MCA territory, we
cannot generalise our findings to other vascular terri-
tories, which precludes investigation of regional hetero-
geneity of cerebral autoregulation. Finally, the
reproducibility of the findings has not yet been estab-
lished, and longer measurements may be needed to
evaluate if the NIRS-based autoregulation estimates
and transit time and blood flow/volume estimates are
stable over time and react similarly to repeated
challenges.

To conclude, NIRS can provide estimates of DCA
that are similar to TCD-based DCA estimates. This is
achieved by correcting for transit time and the balance
between blood flow and blood volume oscillations,

Elting et al. 147



which can be estimated from the OxyHb-HHb phase
difference spectrum in the HF band. The transit time
and the balance between blood flow and blood volume
oscillations may also provide additional valuable infor-
mation about cerebral microvascular function. These
findings may increase the feasibility of non-invasive
continuous autoregulation monitoring and guided ther-
apy in clinical situations.
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11. Müller MW-D, Österreich M, Müller A, et al.
Assessment of the brain’s macro- and micro-circulatory
blood flow responses to CO2 via transfer function ana-

lysis. Front Physiol 2016; 7: 162.
12. Moerman A and De Hert S. Recent advances in cerebral

oximetry. Assessment of cerebral autoregulation with

near-infrared spectroscopy: myth or reality? F1000Res
2017; 6: 1615.

13. Blauert J and Laws P. Group delay distorsions in electro-
acoustical systems. J Acoust Soc Am 1978; 63: 1478–1483.

14. Wolf M, Wolf U, Toronov V, et al. Different time evo-
lution of oxyhemoglobin and deoxyhemoglobin concen-
tration changes in the visual and motor cortices during

functional stimulation: a near-infrared spectroscopy
study. Neuroimage 2002; 16: 704–712.

15. Kainerstorfer JM, Sassaroli A and Fantini S. Optical

oximetry of volume-oscillating vascular compartments:
contributions from oscillatory blood flow. J Biomed
Opt 2016; 21: 101408.

16. Grosse P, Guerrini R, Parmeggiani L, et al. Abnormal
corticomuscular and intermuscular coupling in high-fre-
quency rhythmic myoclonus. Brain 2003; 126: 326–342.

17. Mima T and Hallett M. Corticomuscular coherence: a

review. J Clin Neurophysiol 1999; 16: 501–511.
18. Ainslie PN, Celi L, McGrattan K, et al. Dynamic cerebral

autoregulation and baroreflex sensitivity during modest

and severe step changes in arterial PCO2. Brain Res 2008;
1230: 115–124.

19. Panerai R, Deverson S, Mahony P, et al. Effect of CO 2

on dynamic cerebral autoregulation measurement.
Physiol Meas 1999; 20: 265.
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