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Abstract Cerebral autoregulation controls cerebral blood

flow under changing cerebral perfusion pressure. Standards

for measurement and analysis of dynamic cerebral auto-

regulation (dCA) are lacking. In this study, dCA repro-

ducibility, quantified by intraclass correlation coefficient,

is evaluated for different methodological approaches of

transfer function analysis (TFA) and compared with mul-

timodal pressure flow analysis (MMPF). dCA parameters

were determined in 19 healthy volunteers during three

15-min lasting epochs of spontaneous breathing. Every

spontaneous breathing epoch was followed by 5 min of

paced breathing at 6 cycles/min. These six measurements

were performed in both a morning and an afternoon ses-

sion. Analysis compared raw data pre-processing by mean

subtraction versus smoothness priors detrending. The esti-

mation of spectral density was either performed by aver-

aging of subsequent time windows or by smoothing the

spectrum of the whole recording. No significant influence

of pre-processing and spectral estimation on dCA param-

eters was found. Therefore, there seems to be no need to

prescribe a specific signal-processing regime. Poor repro-

ducibility of gain and phase was found for TFA as well as

for MMPF. Based on reproducibility, no preference can be

made for morning versus afternoon measurements, neither

for spontaneous versus paced breathing. Finally, repro-

ducibility results are not in favour of TFA or MMPF.
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1 Introduction

Under normal conditions, despite variations in cerebral

perfusion pressure (CPP), cerebral blood flow is kept rela-

tively constant in correspondence with the metabolic needs

of the brain. The control mechanism that compensates for

CPP variations is called cerebral autoregulation [1, 17, 22].

Various methods have been described to characterise this

control system. A sudden step-wise decrease in arterial

blood pressure (ABP) evokes a response, characterised by a

few seconds lasting decreased flow followed by a relatively

slow return to the base level. This cerebral blood flow

velocity (CBFV)-response can be interpreted as a kind of

step response of the control system and can be quantified by

the so-called autoregulatory index (ARI) [28] ranging

between 0 and 9. Another approach to quantify the

dynamics of cerebral autoregulation (dCA) [4, 20, 31] is

transfer function analysis (TFA) of the presumed linear

control system with ABP as the input and CBFV as the

output signal. The transfer function gain and phase are

estimated from the auto- and cross spectra of ABP and

CBFV and the strength of the linear relation between ABP

and CBFV is expressed in the system’s coherence. From the

step response function resulting from this transfer function,

the system’s ARI can be determined using least squares

estimation. For each of the 10 ARI responses, the sum of

squared differences with the TFA response is determined.
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A parabolic interpolation through these 10 values can be

performed to estimate the value of ARI to one decimal

space [21] at the minimum of the parabola.

A recently published and different approach to over-

come some difficulties with Fourier-based spectral analysis

is the multimodal pressure flow analysis (MMPF) [13, 18].

The authors showed that MMPF analysis may be less

sensitive to problems with data non-stationarities and

trends [13]. In a study on traumatic brain injury patients,

better reproducibility was shown with MMPF phase com-

pared to ARI [10]. Also non-linear approaches have been

tried to evaluate dCA [11, 15], but clear benefits have not

been shown yet.

A limiting factor in (clinical) use of quantitative dCA is

the high variability observed in calculated parameters, such

as gain, phase and ARI [5, 14, 21, 25]. This high variability

is likely to limit reproducibility of these measurements.

Brodie et al. showed poor ARI reproducibility with an

intraclass correlation (ICC) below 0.5. It is unknown if

reproducibility may be influenced by procedural and

methodological options.

Currently, there is neither a procedural nor a methodo-

logical standard to compute dCA. A procedural aspect is

the choice between using spontaneous [20, 31] and induced

blood pressure variations, e.g. by paced breathing at a

frequency of 6 cycles/min [9, 24]. Paced breathing requires

cooperation of the patient, whereas spontaneous blood

pressure variations can be recorded without specific

instructions. The same holds for squat-stand manoeuvres,

although this seems a promising addition [6]. Another

procedural aspect concerns possible circadian variations in

dCA. Ainslie et al. reported a significant lowering in ARI

from evening to morning [3]. Therefore, it might be nec-

essary to standardise the time of day for dCA recording.

For TFA, different signal processing techniques can be

applied and the most common will be evaluated in this

study. First, before applying Fourier transform, offset

and/or slow trends are removed either by subtracting the

mean or by sophisticated detrending procedures to remove

also very low frequencies. Second, for spectral estimation,

two approaches can be used: either the spectral averaging

technique, also known as the Welch technique [30], in

which spectra of subsequent epochs are averaged, or

spectral smoothing in which the spectra are smoothed with

triangular smoothing windows [29].

In this study, the effect on reproducibility will be

evaluated for the different TFA analysis options and for

the MMPF method. A major question is whether results

of MMPF compared to TFA analysis are more consistent

and show less variability. To reveal effects of the mea-

surement conditions, also spontaneous versus paced

breathing and morning versus afternoon recordings will

be compared.

2 Methods

2.1 Subjects and measurements

Nineteen healthy subjects (14M/5F) between 18 and

53 years old (mean 28) voluntarily participated in the

study. All were free of known cardiovascular, pulmonary

and cerebrovascular disorders. Each subject was measured

in supine position on two different days, one day in the

morning at 10 a.m. and a different day one week apart in

the afternoon at 2 p.m. The order of day was randomly

assigned. Each recording session lasted about 1 h. A ses-

sion consisted of three successive runs each consisting of

15 min of spontaneous breathing followed by 5 min of

6 cycles/min frequency paced breathing.

A one channel electrocardiogram (ECG) was measured by

an in-house made portable ECG-amplifier (IDEE Maastricht�,

The Netherlands). Continuous ABP was measured using a

non-invasive finger blood pressure monitor (Portapres�, TNO,

Amsterdam, The Netherlands) commonly used in studies on

dCA. The appropriate finger cuff (size: small, medium or

large) was placed on the left-hand middle finger. During the

recordings, the Physiocal procedure, an intermittently occur-

ring calibration routine, was switched off. To measure CBFV

simultaneously in the right- and left-middle cerebral artery, a

Transcranial Dopplersonography device (DWL Multi-Dop�

X4, Sipplingen, Germany) was used. The two 2-MHz probes

were held in position by a special head frame.

2.2 Data analysis

ECG, ABP and right- and left-CBFV signals were recorded

on a DAT-tape (TEAC-recorder) and thereafter offline

digitised and stored on a PC with an in-house made

acquisition and analysis software package (AFOnew ver-

sion 2.33, IDEE Maastricht�, The Netherlands). The

sampling frequency for each signal was set to 250 Hz. An

automatic algorithm detected the ECG R-waves and

determined the subsequent diastolic, mean and systolic

blood pressure and corresponding end-diastolic, mean and

peak-systolic CBFV. Artefacts were removed manually by

linear interpolation. The beat-to-beat values of ABP and

CBFV were resampled with 5 Hz using spline-interpola-

tion [20]. From the ABP, the overall mean value was

subtracted and the CBFVs were normalised with respect to

the mean. This resulted in zero-mean signals suited for

spectral analysis to estimate the transfer function. The

transfer function was calculated by

H fð Þ ¼ Sxy fð Þ
Sxx fð Þ; ð1Þ

where Sxx(f) is the autospectrum of changes in ABP and

Sxy(f) is the cross-spectrum between the ABP- and CBFV-
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signals. The transfer function magnitude |H(f)| and phase

spectrum U(f) were derived from the real part HR(f) and

imaginary part HI(f) of the complex transfer function as

jH fð Þj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

HR fð Þ½ �2þ HI fð Þ½ �2;
q

ð2Þ

U fð Þ ¼ arctan
HI fð Þ
HR fð Þ: ð3Þ

The squared coherence function c2(f) was estimated by

c2 fð Þ ¼ jSxy fð Þj2

Sxx fð ÞSyy fð Þ; ð4Þ

where Syy(f) is the autospectrum of changes in CBFV. The

squared coherence reflects the strength of the linear rela-

tionship between ABP and CBFV for each frequency on a

scale from 0 to 1.

To reduce variance of the spectral estimates of the

transfer function either spectral averaging or spectral

smoothing can be performed. Spectral averaging was first

introduced by Welch [30], and averaged spectra were

calculated over multiple half overlapping epochs. An epoch

length of 50 s is chosen to result in an adequate frequency

resolution of at most 0.02 Hz. Spectral smoothing reduces

variance by filtering the spectrum with a triangular window

averaging over a frequency band. In this case, the spectrum

is calculated over almost the entire measurement resulting

in a much finer frequency resolution. In this study, four

different combinations of parameter settings (Table 1) for

detrending were tested. In methods I and III, only mean

subtraction was performed, whereas in methods II and IV

smoothness priors detrending [27] with a 0.04-Hz cut-off

frequency (k = 500) was used to remove very low fre-

quency trends. Each data epoch was windowed with a

Hanning-window. In methods I and II, half overlapping

51.2-s long epochs of 256 data points with a 5-Hz resam-

pling rate were used; in methods III and IV, 2048 points,

corresponding to a 409.6-s epoch length, were used. In

methods I and II, the spectrum was smoothed with a 3-

point triangular moving average window corresponding to

a full width half maximum bandwidth of 0.04 Hz; in III

and IV, 31 points wide triangular window, also corre-

sponding to a bandwidth of 0.04 Hz [16, 29].

From the resulting transfer functions, mean coherence,

phase and gain were calculated in the 0.04–0.16 Hz

frequency range. The 0.04-Hz lower border has been

chosen because the limited duration of the recordings

makes interpretation of results below this frequency diffi-

cult. The upper frequency is chosen to include the major

frequency range of dCA. The choice of the 0.04–0.16 Hz

frequency interval does not introduce new problems of

standardization since in this paper all methodologies and

protocols are mutually compared using this fixed interval.

Furthermore, the graphical presentation of our results as a

function of frequency allows estimation for other fre-

quency bands.

Paced breathing analysis was only possible for combi-

nations I and II (Table 1) because of the limited 5 min

duration of these recordings.

Autoregulatory index was calculated from the first 7 s of

the step response function using a previously described

method [14]. The step response to calculate the ARI is

obtained by integrating the impulse response, being the

inverse Fourier transform of the estimated transfer func-

tion. From the ABP and CBFV waveforms, the critical

closing pressure and RAP were determined per beat using

linear regression [19]. Before regression, individual ABP

and CBFV beat waveforms were aligned for maximum

correlation. RAP (mmHgs/cm) is the reciprocal slope of the

regression line.

2.3 Coherence criterion

To allow reliable interpretation of dCA results, coherence

levels need to exceed a minimum level. This minimum level,

above which coherence differs significantly from zero,

depends on the degrees of freedom of the spectral estimation

procedure (computation in Appendix—Supplementary

material). Computation based on the degrees of freedom

resulted in a minimum needed squared coherence level of

0.06 for the 15-min spontaneous breathing episodes and of

0.2 for the 5-min of 6 cycles/min breathing periods.

2.4 Multimodal pressure flow analysis

For MMPF, a recently improved method was used

including ensemble empirical mode decomposition

(EEMD) [12, 18]. To extract spontaneous oscillations in

ABP and CBFV, empirical mode decomposition was used

Table 1 Summary of parameter choices in transfer function estimation

Combination Detrending Window length

(samples)

Window

duration (s)

Triangular smoothing

window width

Smoothing

bandwidth (Hz)

I Mean subtraction 256 51.2 3 0.04

II Smoothness priors 256 51.2 3 0.04

III Mean subtraction 2048 409.6 31 0.04

IV Smoothness priors 2048 409.6 31 0.04
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to decompose ABP and CBFV signals into intrinsic modes.

For the EEMD, this decomposition was repeated 100 times

with added white noise having an amplitude of 10% of the

standard deviation of the signal. The resulting 100 real-

izations of intrinsic mode functions were averaged per

mode. Only components 3 and 4 were used for the analysis,

since these were the only components with frequencies in

the range from 0.04 to 0.16 Hz. To compare the values for

phase and gain with the results from the TFA, averages

were taken over the whole measurement course. A recently

modified transfer function analysis (MTFA) also was

applied [13]. This method evaluates gain and phase with

TFA when instead of the beat-to-beat ABP and CBFV

signals, the intrinsic mode functions of the MMPF were

used.

2.5 Statistical analysis

The non-parametric Wilcoxon-signed rank test was used to

test for left/right and morning/afternoon differences for

each method. Reproducibility was quantified by the intra-

class correlation coefficient (ICC) using the generalisabil-

ity theory [7, 26]. ICC, defined as the sum of variances

except for repeated measurements components divided by

the total variance, was calculated [23] using the GENOVA

(version 2.2, 1984) program. Although ICC is specific to

the population studied, it does give clear indications of

inter-method reproducibility being a major purpose of this

study.

3 Results

3.1 Spontaneous blood pressure variations

From all recorded data (19 subjects 9 2 ses-

sions 9 1 h = 39 h), only a single period of 20 min had to

be excluded because of bad signal quality. Pairwise com-

parison of coherence, gain and phase parameters between

left and right CBFV recordings did not reveal significant

differences. Therefore, per individual and recording ses-

sion, left and right side data were pooled for further anal-

ysis. Morning and afternoon dCA parameters for the four

analysis methods are given in the Supplementary material

(Table S1). MMPF results are presented for intrinsic mode

functions 3 and 4. The mean frequencies of ABP and

CBFV for these components 3 and 4 and their standard

deviations are indicative for narrow-banded signals. Also

the frequencies of intrinsic mode functions 3 and 4 match

very well for ABP and CBFV.

The listed values for std ABP and std CBFV represent

the standard deviation over time of, respectively, the mean

ABP and mean CBFV. For none of the methods, significant

differences were found between morning and afternoon

values.

In Figs. 1, 2 and 3, the group averages of coherence,

gain and phase spectra are presented for spontaneous

breathing episodes for four different analysis schemes.

There is good correspondence between the curves of the

four analysis methods, and also the MMPF values for phase

are close to these curves at the corresponding frequencies

for components 3 and 4. The MTFA values are also in good

correspondence when taking into account that these are

averages the 0.04–0.16 Hz frequency range.

3.2 Paced 6 cycles/min breathing

Paced breathing lasted 5 min. For this reason, the 2048-

point spectral smoothing method was not applicable. In

Table S2 of the Supplementary material, dCA parameters

are presented for morning and afternoon for the two anal-

ysis methods. No significant differences were found

between morning and afternoon. The group averages of the

phase spectra are plotted in Fig. 4 for the paced breathing

episodes for the two detrending methods. For the 0.1-Hz

frequency component, there is good correspondence

between the TFA methods and the MMPF and MTFA

method.

3.3 Comparison of signal processing methods

In total, 48 independent sample comparisons were made for

the four different signal-processing methods in spontane-

ous breathing. Only for coherence, statistically significant

differences could be shown. Coherence was significantly
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Fig. 1 Group-averaged spectral squared coherence plot for method I

(solid), II (dashed), III (dotted) and IV (dash-dotted) during

spontaneous breathing. Marked by the dashed box is the frequency

range analysed. Marked by the dotted line is the coherence threshold

value
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lower for method I compared to III (P = 0.04) and IV

(P = 0.005).

3.4 Spontaneous versus paced breathing

In total, 8 pairwise comparisons of dCA parameters for

spontaneous versus paced breathing were performed. They

showed that phase and ARI were significantly higher

in paced versus spontaneous breathing using method II

both for the morning (P = 0.001) and afternoon session

(P = 0.01) and only in the morning (P = 0.006) for

method I.

3.5 Reproducibility analysis

As can be seen in the Tables S3 and S4 (Supplementary

material), all ICCs have wide overlapping confidence

intervals. The confidence interval width can only be

decreased by inclusion of many more ([100) subjects.

Only then significance of the apparent differences between

ICC values may be deduced. Now, only the parameters

with ICC values above 0.9 can be considered reproducible

at an acceptable level. During spontaneous breathing, this

only holds for CBFV in the morning and afternoon (0.93),

BP in the morning (0.91) and RAP (0.91) in the afternoon.

In paced breathing, this only holds for CBFV (0.94) and

RAP (0.92) in the afternoon. None of the autoregulation

parameters shows adequate reproducibility.

4 Discussion

Our evaluation of four different signal-processing strate-

gies shows that there is only limited influence on dCA

parameters. Spectral smoothing [16] compared to epoch

averaging [30] was suggested to improve detection of very

low frequency cerebral haemodynamic oscillations. Our

results only show slight improvement of coherence using

spectral smoothing without an effect on gain and phase.

Also the smoothness priors detrending method [27] results

in higher coherence in the very low frequency range with

hardly any effect on gain and phase. It seems therefore that

the gain and phase parameters in the frequency range from

0.04 to 0.16 Hz are very robust for the different signal

processing methods applied.
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Fig. 2 Group-averaged spectral gain plot for method I (solid), II

(dashed), III (dotted) and IV (dash-dotted) during spontaneous

breathing. Marked by the dashed box is the frequency range analysed
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Fig. 3 Group-averaged spectral phase plot for TFA method I (solid),

II (dashed), III (dotted) and IV (dash-dotted), MMPF method and

MTFA method during spontaneous breathing. Marked by the dashed
box is the frequency range analysed
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Fig. 4 Group-averaged spectral phase plot for TFA with (solid) and

without (dashed) using smoothness priors detrending and MMPF and

MTFA method during 6 cycles/min paced breathing. Marked by the

dashed box is the frequency range analysed
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Impaired early morning (6–8 a.m.) cerebral autoregu-

lation was shown compared to evening (6–8 pm) mea-

surements in 20 healthy subjects [3]. To assess ARI, the

investigators used the thigh cuff inflation–deflation

method. We investigated our 19 subjects in the morning

(10 a.m.) and afternoon (2 p.m.) and could not demonstrate

significant differences in dCA parameters using TFA. The

ARI values extracted from the transfer function neither

showed morning versus afternoon differences. Based on

our results, no preference can be made for morning or

afternoon dCA measurements. However, we cannot rule

out the possible influence on dCA due to circadian

rhythms. Neither can we counter the morning–evening

differences shown by Ainslie et al., since our morning and

afternoon measurements were at different times (10 a.m.

and 2 p.m.).

From the analysis of transfer function dCA parameters,

it becomes clear that ICC values are very low, meaning that

dCA reproducibility is poor. From the dCA parameters,

ARI has the lowest ICC. Because of the poor ICCs and the

low number of subjects in this study, 95% confidence

intervals for ICC are very wide and no significant differ-

ences can be found between different analysis methods,

time-of-day, or breathing strategies. Earlier, Reinhard et al.

compared spontaneous versus paced breathing and could

not demonstrate significant differences between both

methods [24]. We do find significant differences for phase

and ARI parameter values comparing both breathing

methods. ARI is significantly higher in paced compared

to spontaneous breathing in all but method I in the

afternoon.

In order to detect impaired cerebral autoregulation

during spontaneous breathing, dCA phase should, based on

our data, be less than 0.4 rad (criterion: mean – 2SD). For

MMPF, the criterion for dCA impairment is a phase value

less than 0.2 rad for component 3 and 0.3 for component 4.

Due to the large inter- and intrasubject variability, the

application of the different methods for the evaluation of

dCA, although in good agreement, has limited value for the

individual healthy subject. Whether this is also true for

diseased populations remains to be investigated.

The ICCs we found for the MMPF method for phase are

comparable with the reported values from Hu et al. [10].

Only for paced breathing, MMPF has a higher, although

not significant, ICC compared to conventional TFA. In

contrast with Hu et al., we found better ICC for ARI,

whereas significance in this case cannot be determined.

Their low ICC value maybe explained by the fact that Hu

et al. calculate ARI by applying the Tiecks model only on

short data segments, whereas we based the ARI on the

estimated transfer function from the recording period of

15 min. We also report here ICC values for MMPF gain

and the suggested MTFA. For gain, MMPF seems to do

better than the TFA, but the MTFA analysis does not seem

to be an improvement.

Recently, Czosnyka et al. showed good correlation

(R = 0.62) between ARI and the time correlation based

cerebral autoregulation method Mx [8]. We calculated ARI

from the step response of our transfer function. Figure 5

shows the correlation between ARI and phase that was not

shown before, which is even better (R2 = 0.72). However,

these correlations do not imply that dCA parameters

reproduce well. Our low ICC values for ARI are compa-

rable to the findings of Brodie et al., while our ICCs for

RAP show much higher values (ranging 0.86–0.92 vs.

0.70–0.75) [5]. The reason for this difference is not clear.

Brodie estimates RAP from the first harmonic of BP

and CBFV [2], whereas we performed linear regression

between BP and CBFV waves [19]. The possible influence

of the analysis method with regard to this needs to be

elaborated further. The high ICC values for reproducibility

of RAP are promising and could open directions to a more

robust parameter to estimate dCA. Although RAP in itself

is not a measure of dCA, the relation of variations in

RAP in relation with ABP changes may be worthwhile to

investigate.

Only in 9 of the 19 subjects end-tidal pCO2 was recor-

ded. Therefore, no results could be given for the whole

group. As was shown by Reinhard et al. [24], especially

during paced breathing, where the subjects are likely to

increase the tidal volumes influence of pCO2 can be seen.

pCO2 drops after the start of paced breathing resulting in

lower CBFV. From our results, no benefits arise in favour

of paced breathing versus spontaneous breathing.

In this study, no impact of the different signal process-

ing approaches on dCA parameters was found. It is shown

Fig. 5 Relationship between index of autoregulation (ARI) and phase

during spontaneous breathing for method II
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that gain and phase are very robust under the different

analysis methods evaluated, and there is no need for pre-

scribing a specific one of these signal-processing regimes.

The threshold for significant coherence is not a fixed value,

but depends on the degrees of freedom of each approach.

Based on reproducibility results, no preference can be

made for morning versus afternoon measurements or for

spontaneous versus paced breathing. Poor reproducibility

of dCA parameters remains a major issue hampering the

clinical applicability in individual patients. Future research

should be directed towards less variable dCA parameters.

RAP could be a promising parameter to further explore in

developing methods for estimating dCA.

In conclusion, quantification of dCA does not favour

TFA versus MMPF in terms of reproducibility, which is

poor for both gain and phase. Neither does it favour as a

stimulus spontaneous versus paced breathing and morning

versus afternoon day-time recording.
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