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Abstract
Transcranial Doppler ultrasonography (TCD) is used widely to evaluate dynamic cerebral autoregulation (dCA). However, 
the validity of TCD-determined dCA remains unknown because TCD is only capable of measuring blood velocity and thus 
only provides an index as opposed to true blood flow. To test the validity of TCD-determined dCA, in nine healthy subjects, 
dCA was evaluated by transfer function analysis (TFA) using cerebral blood flow (CBF) or TCD-measured cerebral blood 
velocity during a perturbation that induces reductions in TCD-determined dCA, lower body negative pressure (LBNP) at 
two different stages: LBNP − 15 mmHg and − 50 mmHg. Internal carotid artery blood flow (ICA Q) was assessed as an 
index of CBF using duplex Doppler ultrasound. The TFA low frequency (LF) normalized gain (ngain) calculated using ICA 
Q increased during LBNP at − 50 mmHg (LBNP50) from rest (P = 0.005) and LBNP at − 15 mmHg (LBNP15) (P = 0.015), 
indicating an impaired dCA. These responses were the same as those obtained using TCD-measured cerebral blood velocity 
(from rest and LBNP15; P = 0.001 and P = 0.015). In addition, the ICA Q-determined TFA LF ngain from rest to LBNP50 
was significantly correlated with TCD-determined TFA LF ngain (r = 0.460, P = 0.016) despite a low intraclass correlation 
coefficient. Moreover, in the Bland–Altman analysis, the difference in the TFA LF ngains determined by blood flow and 
velocity was within the margin of error, indicating that the two measurement methods can be interpreted as equivalent. These 
findings suggest that TCD-determined dCA can be representative of actual dCA evaluated with CBF.

Keywords  Transfer function analysis · Middle cerebral artery · Internal carotid artery · Blood pressure · Lower body 
negative pressure

1  Introduction

Middle cerebral artery blood velocity (MCA V), measured 
using transcranial Doppler ultrasonography (TCD) is used 
worldwide as an index of cerebral blood flow (CBF), how-
ever, this concept is based on the premise that vessel diam-
eter of the MCA is constant. Adding to the validity of TCD 
measures, some previous studies have demonstrated that 
changes in MCA V were tightly related to that of blood flow 
measured via duplex Doppler ultrasound in the upstream 
artery of the MCA during supine exercise and carbon diox-
ide stimulation; i.e. internal carotid artery [1, 2]. Thus, it 
has been thought that change in TCD-measured MCA V is 
a valid measure of CBF. However, more recent studies, uti-
lizing sophisticated imaging technology, have demonstrated 
that MCA diameter can be altered during severe physi-
ological conditions (e.g. hypo- and hypercapnia, rhythmic 
handgrip exercise) [3–6], indicating the possibility that the 
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TCD-measured MCA V signal does not always accurately 
reflect true CBF in the MCA.

Dynamic cerebral autoregulation (dCA) in humans is 
an important mechanism for maintaining adequate CBF 
in response to transient changes in arterial blood pressure 
(ABP) [7, 8]. In many previous investigations, the dCA 
has been evaluated non-invasively by the thigh-cuff occlu-
sion release technique [9–11] and transfer function analysis 
(TFA) during resting conditions as well as during various 
perturbations [12–14]. Notably, almost all previous stud-
ies used the TCD-measured MCA V as an index of CBF 
as opposed to measuring CBF directly in order to evaluate 
dCA. In the thigh-cuff occlusion release technique, dCA-
induced change in MCA V during acute hypotension was 
similar for that determined by internal carotid artery blood 
flow (ICA Q) [15], supporting the use of MCA V to identify 
dCA instead of using CBF (i.e., directly measured ICA Q). 
The TFA evaluates dCA by the relationship between beat-to-
beat spontaneous oscillations of MCA V and arterial blood 
pressure (ABP) via frequency domain analysis and does not 
require evoked changes in ABP [12–14]. In the comparison 
of dCA assessed by TFA in ICA and MCA, studies [16, 17] 
have reported that dCA evaluated by TFA using both MCA 
V and ICA blood velocity provide similar results. However, 
the TCD signal data may not assess CBF accurately because 
it is not capable of assessing vessel diameter. Moreover, rela-
tive changes in TFA parameters, especially TFA gain, should 
be evaluated to estimate dCA [18], however, in these previ-
ous studies, the experimental condition was not varied (only 
resting condition) and therefore dCA was not manipulated 
to fully evaluate the validity of TFA using MCA V. More 
importantly, it has been reported that the steady-state MCA 
diameter was unchanged [19], while a variation of cerebral 
arterial diameter may occur during more extreme altera-
tions in steady-state hemodynamics [4–6, 20, 21]. It is pos-
sible that even small variations of cerebral arterial diameter 
should affect frequency domain analysis, such as TFA to 
identify dCA. Thus, the validity of the dCA evaluated by 
TFA using TCD-measured cerebral blood velocity instead 
of using CBF remains unclear.

TCD-determined TFA is used worldwide as the standard 
for dCA assessment, however, under these backgrounds, the 
limitation of TCD technique (using blood velocity instead 
of flow) may affect dCA assessment using TFA. Thus, the 
aim of the present study was to examine the validity of dCA 
evaluated by TFA using TCD-measured blood velocity dur-
ing a condition that has been reported to change dCA. The 
change in TCD-determined dCA should be the same as that 
of CBF-determined dCA. In this regard, is has been previ-
ously reported [13] that orthostatic stress, e.g. lower body 
negative pressure (LBNP) at − 50 mmHg, attenuates dCA 
evaluated by TFA using TCD-measured MCA V. There-
fore, in the present study, we used LBNP as a physiological 

stimulus to examine the validity of TFA parameters using 
TCD-measured MCA V in comparison to dCA assessed 
using ICA Q measures. Notably, one previous study using 
magnetic resonance angiography reported that LBNP does 
not change MCA diameter [19]. Herein, we hypothesized 
that ICA Q-determined dCA by TFA is attenuated during 
LBNP at − 50 mmHg, similarly with MCA V-determined 
dCA. To test this hypothesis, we continuously measured 
CBF (ICA Q), cerebral blood velocity (MCA V), and ABP at 
rest and during LBNP to directly compare TFA-determined 
dCA measures using CBF and cerebral blood velocity.

2 � Material and methods

2.1 � Subjects

Nine healthy young male adults with a mean age of 
24 ± 4 year, height of 171 ± 4 cm, and weight of 64 ± 4 kg 
were recruited. All subjects were non-smokers, had no 
known cerebrovascular, cardiovascular, or pulmonary dis-
orders, and were not taking any medications at the time of 
enrollment. In addition, none were sedentary, nor were any 
high-level athletes, and the subjects were excluded if they 
performed either dynamic or static exercise for 30 min/day 
more than three times a week [14]. Thus, all subjects were 
considered normal healthy adults. Before the experiment, the 
subjects were required to abstain from caffeinated beverages 
for 12 h, and alcohol for 24 h, and also strenuous exercise 
for 24 h. It has been reported that TFA metrics are impacted 
up to 6 h following exercise [22]. Furthermore, the subjects 
were instructed to consume a light meal 3 h prior to the start 
of the experiment in order to minimize the potential effect 
of individual meal on cardiorespiratory and cerebrovascu-
lar responses [23]. This study was approved by the ethics 
committee of Kyorin University (Approval Number 723) in 
accordance with the Declaration of Helsinki. All subjects 
gave informed consent before commencing the experiments.

2.2 � Experimental procedure

Given the within- and between-day reproducibility of dCA 
quantified using TFA on spontaneous blood pressure oscil-
lations, all measurements were simultaneously performed 
within the same day before or after midday for each subject 
[24, 25]. Upon arrival to the laboratory, the subjects were 
fitted with an electrocardiogram and finger photoplethys-
mography as well as TCD probe (see Experimental meas-
urement). The subjects lied in the supine position with their 
legs placed in the LBNP chamber that was sealed at the level 
of the iliac crest with a flexible rubber dam. The shoulder 
joint was maintained in slight abduction, while the arm was 
flexed slightly with the forearm pronated. The head was 
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immobilized using towels to prevent unwanted movements. 
Air pressure inside the LBNP chamber was lowered using a 
vacuum source and controlled with a variable transformer. 
To familiarize the subjects with LBNP and the vacuum 
noise, a short-period of LBNP exposure was applied, and 
then subjects rested at least 20 min before the experimental 
protocol commenced. Following a 5 min baseline measure-
ment of quiet rest (rest), LBNP was administered in a step-
wise approach of graded decreases in pressure according 
to the following protocol: − 15 mmHg × 7 min (LBNP15), 
and − 50 mmHg × 7 min (LBNP50). We decided to use the 
graded LBNP manner rather than randomized approach to 
be consistent with the previous studies [13, 14] for relatively 
rapid cardiovascular stabilization during each LBNP level 
and ensuring stable recordings that are essential for spec-
tral analysis [26]. At each LBNP condition, 5 min meas-
urements started after 2 min exposure for stabilization of 
cerebrovascular and cardiorespiratory hemodynamics. The 
previous study has suggested that ABP changes from supine 
to standing position becomes steady-state within 2 min [27]. 
Given that the fluid shift from supine to the standing position 
would vastly exceed that which occurs during LBNP transi-
tion from rest to LBNP15 and from LBNP15 to LBNP50, 
2 min-LBNP exposure at each LBNP level should be appro-
priate as a methodology. Then, 5 min of beat-to-beat cer-
ebrovascular and cardiorespiratory data were obtained for 
the determination of the steady-state mean value and TFA 
analysis as described below. The absolute values derived for 
dCA, such as those from TFA, are limited by their inherently 
high individual variability [28]. This may partly arise from 
anatomical variability in the diameter of the vessel of inter-
est or the orientation of the vessel to the TCD probe. There-
fore, TFA assessments of dCA are better suited to the com-
parison between different conditions [18]. In other words, in 
order to identify the validity of TFA assessment, we need to 
manipulate dCA. A previous study [13] demonstrated that 
LBNP increases TFA low frequency (LF) gain, indicating an 
impairment in dCA. For this reason, we used the LBNP to 
manipulate dCA to examine the validity of TCD-determined 
TFA data in the present study.

2.3 � Experimental measurement

Heart rate (HR) was measured by using a lead II electro-
cardiogram (bedside monitor, BMS-3400; Nihon Kohden, 
Tokyo, Japan). ABP was monitored using volume clamp 
method with finger photoplethysmography (Finometer 
MIDI; Finapres Medical Systems, Amsterdam, the Neth-
erlands). End-tidal carbon dioxide (EtCO2) was measured 
using a nasal capnometer (OLG-3800; Nihon Kohden). 
Based on a standardized methods [29], MCA V was meas-
ured through the right temporal window by using tran-
scranial Doppler ultrasonography (DWL Doppler Box-X; 

Compumedics, Singen, Germany) equipped with a 2.0 MHz 
pulsed TCD probe. The TCD probe was fixed and held in 
measurement position using an adjustable headband (Elastic 
Headband T; Compumedics) to maintain a constant insona-
tion angle throughout experiment. To determine the ICA Q, 
the right-side ICA blood velocity and diameter were contin-
uously measured by using a color-coded ultrasound system 
(Vivid-i; GE Healthcare Systems, Chicago, USA) equipped 
with a 13.0 MHz linear transducer from baseline and dur-
ing LBNP conditions. The probe was placed at 1.0–1.5 cm 
distal to the carotid bifurcation, while the subject’s chin was 
slightly elevated. For obtaining stable data, the subjects were 
instructed to keep breathing stable and to avoid swallowing 
as much as possible during measurements. When measuring 
ICA blood velocity and diameter, a trained investigator took 
care of ensuring that the hand-held probe position was stable 
throughout the experiment at as low as an insonation angle 
to get the best Doppler signal individually (less than 30 deg. 
from the artery) for accurately determining blood flow as 
possible [30, 31]. Moreover, the probe was attached to the 
same location such that the same vessel image could be 
acquired in the center of the B-mode images across all con-
ditions as much as possible. The longitudinal vessel image 
(B-mode) and velocity signal (PW-mode) were continuously 
and simultaneously measured and then stored on a personal 
computer at 30 Hz using a capture box (VGA2USB LR; 
Epiphan Systems, Ottawa, Canada) for offline analysis. ICA 
time-averaged mean velocity and diameter were analyzed 
at 30 Hz using a custom-designed edge detecting and wall 
tracking software (S-13037 version 2.0.1; Takei Scientific 
Instruments, Niigata, Japan).

2.4 � Data acquisition

HR, ABP, EtCO2, and MCA V were recorded at a sampling 
rate of 1000 Hz using a 16-bit A/D converter (Power Lab 
16 s; ADInstruments, Sydney, Australia) and stored on a 
personal computer. The onset of data acquisition between 
computers were synchronized via a trigger generator. ICA 
Q was calculated by multiplying the cross-sectional area 
with time-averaged mean velocity; ICA Q = [π × (ICA diam-
eter/2)2] × ICA time-averaged mean velocity × 60 (ml/min). 
MCA cerebral vascular conductance index (MCA CVCi) 
and ICA cerebral vascular conductance (ICA CVC) were 
estimated from the ratio of MCA V or ICA Q to mean ABP, 
respectively. All cardiorespiratory and cerebrovascular vari-
ables were averaged over 5-min for each condition.

2.5 � Dynamic cerebral autoregulation analysis

According to previous studies [12, 32], mean ABP (MAP), 
MCA V (MCA Vmean), and ICA Q (ICA Qmean) were obtained 
across each cardiac cycle, linearly interpolated, and resampled 



1714	 Journal of Clinical Monitoring and Computing (2022) 36:1711–1721

1 3

at 4 Hz for spectral analysis of dCA [33]. dCA was calcu-
lated as the transfer function gain and phase shift between 
fluctuations in MAP and MCA Vmean or ICA Qmean [34]. 
The transfer function gain and phase shift reflect the relative 
amplitude and time relationship between the changes in MAP 
and MCA Vmean or ICA Qmean over a specified frequency 
range. From the temporal sequences of MAP and MCA Vmean 
or ICA Qmean, the frequency-domain transformations were 
computed with a fast Fourier transformation algorithm. The 
transfer function H(f) between the two signals was calcu-
lated as H(f) = Sxy(f)/Sxx(f), where Sxx(f) is the autospectrum 
of changes in MAP and Sxy(f) is the cross-spectrum between 
MAP and MCA Vmean or ICA Qmean. The transfer function 
magnitude |H(f)| and phase spectrum |Φ(f)| were obtained from 
the real part HR(f) and imaginary part HI(f) of the complex 
function. Moreover, the transfer function H(f) was normal-
ized to the mean values of input (x) and output (y) variables 
as H′(f) = [Sxy(f)x]/[Sxx(f)y], and the normalized gain (ngain) 
was calculated as 20 log H′(f) to provide values in deci-
bels. Spectra were calculated using 100-s window length with 
50% overlap, and smoothing was accomplished by employ-
ing a Hanning window [33]. The transfer function coher-
ence, phase, and ngain were calculated in the very low (VLF: 
0.02–0.07 Hz), low (LF: 0.07–0.20 Hz) and high frequency 
(HF: 0.20–0.30 Hz) ranges, as previously described [35]. The 
VLF range of both blood flow and blood pressure variability 
appears to reflect multiple physiological mechanisms that con-
found interpretation [36]. ABP fluctuations in the HF range 
are induced primarily by respiration, however, those in the LF 
range are independent of the respiratory frequency and are 
dampened by dCA [37]. In the present study, therefore, we 
focused on the TFA data within LF range for dCA parameters 
to examine the validity of TCD-determined dCA. Indeed, pre-
vious studies employed the TFA parameter within LF range 
as an index of dCA [13, 36, 38]. More importantly, the previ-
ous study [13] demonstrated that LBNP changed only LF gain 
(increase in LF gain). In the TFA, in all subjects, coherence 
in LF range assessed by MCA V and ICA Q was greater than 
0.40 for each condition, suggesting that there was little effect 
of signal noise on the validity of transfer function analysis [34, 
39]. It is noted that the cut-off value for coherence with a rec-
ommended setting for TFA estimation in the present study (5 
windows and α = 0.05) is 0.34 [33], thus 0.40 is valid to be the 
critical value of coherence in the present study.

2.6 � Statistical analysis

With reference to data of TFA ngain assessed by MCA V in our 
pilot study (n = 3), a prior power analysis using expected effect 
size (Effect size f = 0.602) revealed that a sample of more than 
6 subjects was needed to obtain 80% power with 3 conditions 
(α = 0.05). Thus, the sample size of the present study (n = 9) 
was sufficient to achieve the desired statistical assurance.

Data are expressed as mean ± SD in the text, tables, and fig-
ures. The Shapiro–Wilk’s test was applied to verify the normal 
distribution for each variable. The distribution normality was 
confirmed in variables (W ≥ 0.739, P ≥ 0.058), excluding HR, 
and VLF phase and VLF coherence assessed by MCA V, VLF 
ngain, HF ngain, LF coherence, and HF coherence assessed 
by ICA Q (W ≥ 0.688, P ≤ 0.045). To compare normally dis-
tributed outcomes between conditions, the one-way repeated 
measures analysis of variance (ANOVA) with Tukey's honestly 
significant difference test was applied to identify the significant 
difference in measurement parameters amongst conditions. 
Greenhouse–Geisser correction was applied when spheric-
ity assumption was violated. For non-normal variables, non-
parametric ANOVA (Friedman test) followed by Wilcoxon 
matched-pairs tests were performed amongst conditions. 
Statistical significance was set at P < 0.05. While informative 
reliance on only the p-value has been reported to potentially 
result in methodological errors and misinterpretations [40, 
41]. Accordingly, the effect sizes (ES) were calculated as eta 
squared (η2) for one-way ANOVA outcomes, as Cohen’s d for 
all post-hoc comparisons, and as Kendall’s W for non-para-
metric ANOVA outcomes using the spreadsheet provided by 
Lakens [42]. Conservative interpretation guidelines for effect 
size were defined as small (η2 = 0.01, Cohen’s d = 0.20, Ken-
dall’s W = 0.10), medium (η2 = 0.06, Cohen’s d = 0.50, Kend-
all’s W = 0.30), and large (η2 = 0.14, Cohen’s d = 0.80, Ken-
dall’s W = 0.50) effect [42, 43]. A Pearson product-moment 
correlation coefficient was calculated to determine the rela-
tionship between absolute values in the LF ngain during rest, 
LBNP15, and LBNP50 assessed by MCA V and ICA Q. To 
verify whether LF ngain assessed by TCD-determined cerebral 
blood velocity (MCA V) matches those values assessed by 
the actual cerebral blood flow (ICA Q), intraclass correlation 
coefficient (ICC) estimates and their 95% confident intervals 
were calculated using a two-way random-effects model (abso-
lute agreement definition) were used to determine the reli-
ability of measurements. Moreover, the absolute difference 
between changes in MCA V- and ICA Q-determined TFA LF 
ngain from rest to LBNP15 or LBNP50 were visualized using 
Bland–Altman plots and 95% upper and lower limits of agree-
ment (LOA; mean difference ± 1.96 SD) and mean difference 
(or Bias) were computed [44]. All data were analyzed using 
the SPSS software (SPSS Statistics 25; IBM, Tokyo, Japan).

3 � Results

3.1 � Cardiorespiratory and cerebrovascular 
parameters

HR was increased during LBNP50 compared with rest and 
LBNP15, while MAP was increased during LBNP15 and 
LBNP50 compared with rest (Table 1 and Fig. 1). EtCO2 
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Table 1   Steady-state 
cardiorespiratory and 
cerebrovascular data during 
the different experimental 
conditions

All values are means ± SD
LBNP lower body negative pressure, HR heart rate, MAP mean arterial pressure, EtCO2 end-tidal carbon 
dioxide, MCA Vmean mean middle cerebral artery blood velocity, MCA CVCi middle cerebral artery cer-
ebral vascular conductance index, ICA Qmean mean  internal carotid artery blood flow, ICA CVC internal 
carotid artery cerebral vascular conductance
*P < 0.05 compared with rest
† P < 0.05 compared with − 15 mmHg LBNP

Rest LBNP P value ES

 − 15 mmHg  − 50 mmHg

HR (beats/min) 62.12 ± 5.29 64.18 ± 4.93 80.16 ± 8.87*†  < 0.001 0.875
MAP (mmHg) 74.88 ± 5.96 77.96 ± 6.73* 79.22 ± 7.09* 0.008 0.455
EtCO2 (mmHg) 40.80 ± 2.58 40.20 ± 3.59 37.72 ± 3.96*† 0.002 0.556
MCA Vmean (cm/s) 66.05 ± 13.64 64.04 ± 14.27 58.35 ± 13.80*† 0.011 0.531
MCA CVCi (cm/s/mmHg) 0.88 ± 0.13 0.81 ± 0.12* 0.73 ± 0.13*†  < 0.001 0.199
ICA Qmean (ml/min) 371.40 ± 96.21 345.43 ± 89.08 314.02 ± 94.68* 0.007 0.467
ICA CVC (ml/min/mmHg) 4.98 ± 1.30 4.44 ± 1.13* 4.00 ± 1.23*  < 0.001 0.109

Fig. 1   Representative individual data of the raw wave and beat-to-
beat-variation of arterial blood pressure (ABP), middle cerebral 
artery blood velocity (MCA V), and internal carotid artery blood flow 

(ICA Q) at rest and, during − 15 mmHg (LBNP15) and − 50 mmHg 
(LBNP50) lower body negative pressure. Gray and black lines denote 
the waveform and mean values, respectively
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during LBNP50 decreased compared with rest and LBNP15. 
In contrast, during LBNP50 MCA Vmean and ICA Qmean 
decreased, and consequently MCA CVCi and ICA CVC 
were also decreased.

3.2 � Dynamic cerebral autoregulation (dCA)

The group-averaged TFA data is shown in Fig. 2 and Table 2. 
For calculating TFA phase and ngain assessed by MCA V and 
ICA Q, both LF coherences were ≥ 0.4. In the TFA between 
MAP and MCA Vmean, the one-way ANOVA revealed that 
there was no significant change of LF phase amongst condi-
tions (F2,16 = 2.367, P = 0.126, η2 = 0.189 [large]), whereas LF 
ngain differed amongst conditions (F2,16 = 9.748, P = 0.002, 
η2 = 0.175 [large], Fig. 3). Post hoc analysis revealed that LF 
ngain was larger during LBNP50 compared with rest and 
LBNP15 (rest vs. LBNP50: P = 0.001, Cohen’s d = 1.325 
[large] and LBNP15 vs. LBNP50: P = 0.015, Cohen’s 
d = 1.037 [large]), but there were no differences between rest 
and LBNP15 (P = 0.135, Cohen’s d = 0.620 [medium]). In the 
TFA between MAP and ICA Qmean in LF (Table 2), there was 
no change of LF phase (F2,16 = 0.500, P = 0.616, η2 = 0.034 

[small]) similar to the result of TFA assessed by MCA Vmean. 
Moreover, there was difference in LF ngain between conditions 
(F2,16 = 8.152, P = 0.004, η2 = 0.281 [large]). Post hoc analysis 
revealed that LF ngain was larger during LBNP50 compared 
with rest and LBNP15 (rest vs. LBNP50: P = 0.005, Cohen’s 
d = 1.023 [large] and LBNP15 vs. LBNP50: P = 0.015, Cohen’s 
d = 1.030 [large]), but there were no differences between rest 
and LBNP15 (P = 0.844, Cohen’s d = 0.276 [small]).

3.3 � The agreement and reliability of the dCA 
evaluation in the TFA between using CBF 
and CBF velocity data

The relationship between ICA Q- or MCA V-determined LF 
ngains (95% CI 0.097–0.715, r = 0.460, P = 0.016) among 
all conditions was significant (Fig. 4). However, the cal-
culated ICC was very low in ngain (95% CI 0.005–0.655, 
ICC(2,1):0.373, P = 0.007). In the Bland–Altman analy-
sis for changes in LF ngain from rest to LBNP assessed 
by ICA Q and MCA V, the biases were very low and all 
plots were within the LOA (change from rest to LBNP15, 
95% CI − 0.889–0.557; change from rest to LBNP50, 95% 
CI − 0.728–0.810, Fig. 5).
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Fig. 2   Cross-spectral analysis of the entire spectrum from 0 to 0.3 Hz 
at rest, during − 15  mmHg (LBNP15) and − 50  mmHg (LBNP50) 
lower body negative pressure. The group-averaged transfer func-
tion phase (upper), normalized gain (ngain, middle) and coherence 

function (bottom) between mean arterial pressure (MAP) and mean 
middle cerebral artery blood velocity (MCA Vmean, dotted line), and 
between MAP and mean  internal carotid artery blood flow (ICA 
Qmean, solid line) are shown
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4 � Discussion

The findings of the present study demonstrated for the first 
time that dCA evaluated with MCA V measured from TCD 
can be representative of actual dCA evaluated with direct 
measures of ICA Q by using TFA. The Pearson correlation 
between ICA Q- and MCA V-determined LF ngains from 
rest to LBNP was significant despite a low ICC. Moreover, 
the Bland–Altman analysis indicated the agreement between 
changes in dCA evaluated using two TFA quantitative meas-
urements. These findings suggest that TCD-determined dCA 
at least during orthostatic stress was not affected by its inher-
ent methodological limitation (using velocity instead of flow 
data).

In the present study, ICA Q was used as an index of 
CBF because it is difficult/impossible to measure blood 
flow in the MCA in vivo in humans due to the limita-
tions associated with assessing vessel diameter in this 
region utilized TCD. The ICA is the upstream artery of 
the MCA, and changes in MCA V parallels that of ICA Q 
[1, 2]. Moreover, the diameter of MCA was confirmed to 
be unchanged during LBNP, particularly lower levels of 
LBNP as used in this study [19], thus it can be speculated 
that an alteration in MCA V during orthostatic stress is 
similar with that of ICA Q. In the present study, indeed, 

the decrease in MCA V from baseline (e.g., supine rest) 
to − 50 mmHg LBNP was similar to that of ICA Q (MCA 
V vs. ICA Q, − 11.2 ± 10.0% vs. − 15.1 ± 9.2%, P = 0.329). 
However, importantly, the absolute MCA V value is dif-
ferent from that of ICA Q (blood velocity vs. blood flow). 
Thus, to compare dCA between the different flow param-
eters (MCA V vs. ICA Q), TFA gain needs to be normal-
ized to baseline values of these parameters as an index 
of dCA, while TFA phase and coherence are not affected 
by the different absolute values of MCA Vmean and ICA 
Qmean. As such, LF ngain was calculated between MCA 
Vmean or ICA Qmean and MAP from rest to LBNP in order 
to compare TFA data between different analyses. We found 
that ngain between MCA Vmean and MAP within the LF 
range increased during LBNP50 from rest and LBNP15 
(rest vs. LBNP50: P = 0.001 and LBNP15 vs. LBNP50: 
P = 0.015, Fig. 3), indicating that dCA was impaired dur-
ing orthostatic stress. This finding is consistent with the 
previous study [34], showing that LBNP at − 50 mmHg 
increased TFA LF gain between the changes in MAP and 
MCA Vmean. In this previous report, the authors argued 
that this impairment of dCA likely contributes to ortho-
static intolerance/syncope. Similarly, we found that ICA 
Q-determined TFA LF ngain was also increased from rest 
and LBNP15 to LBNP50 (rest vs. LBNP50: P = 0.005 and 

Table 2   Dynamic cerebral 
autoregulation indices assessed 
by MCA Vmean and ICA 
Qmean during the different 
experimental conditions

All values are means ± SD
VLF very low frequency, LF low frequency, HF high frequency, LBNP lower body negative pressure, MCA 
V middle cerebral artery blood velocity, ICA Q internal carotid artery blood flow
*P < 0.05 compared with rest
† P < 0.05 compared with − 15 mmHg LBNP

Rest LBNP P value ES

 − 15 mmHg  − 50 mmHg

Phase (radian) MCA V VLF 0.85 ± 0.54 0.86 ± 0.64 1.16 ± 0.70 0.459 0.086
LF 1.12 ± 0.35 1.13 ± 0.19 0.89 ± 0.12 0.126 0.189
HF 0.59 ± 0.59 0.39 ± 0.69 0.16 ± 0.43* 0.016 0.095

ICA Q VLF 0.62 ± 0.63 1.18 ± 0.53 0.76 ± 0.95 0.220 0.108
LF 0.74 ± 0.37 0.58 ± 0.40 0.63 ± 0.35 0.616 0.034
HF 0.51 ± 0.61 0.38 ± 0.42 − 0.05 ± 0.69 0.143 0.160

nGain (db) MCA V VLF 0.65 ± 0.19 0.59 ± 0.28 0.65 ± 0.25 0.710 0.014
LF 0.89 ± 0.20 1.05 ± 0.37 1.23 ± 0.35*† 0.002 0.175
HF 1.22 ± 0.54 1.08 ± 0.48 1.47 ± 0.23† 0.025 0.136

ICA Q VLF 0.69 ± 0.19 0.58 ± 0.32 0.82 ± 0.32 0.368 0.111
LF 1.13 ± 0.24 1.20 ± 0.31 1.57 ± 0.42*† 0.004 0.281
HF 2.49 ± 0.92 1.99 ± 1.09 2.41 ± 0.87 0.239 0.160

Coherence (U) MCA V VLF 0.49 ± 0.23 0.45 ± 0.20 0.46 ± 0.08 0.895 0.012
LF 0.61 ± 0.10 0.61 ± 0.10 0.73 ± 0.13 0.075 0.213
HF 0.45 ± 0.22 0.36 ± 0.15 0.62 ± 0.16† 0.010 0.258

ICA Q VLF 0.42 ± 0.15 0.38 ± 0.25 0.38 ± 0.11 0.779 0.015
LF 0.45 ± 0.07 0.48 ± 0.08 0.50 ± 0.09 0.452 0.088
HF 0.26 ± 0.15 0.20 ± 0.11 0.31 ± 0.07 0.097 0.259
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LBNP15 vs. LBNP50: P = 0.015). In addition, the Pear-
son correlation between MCA V- and ICA Q-determined 
LF ngains among all conditions (95% CI, 0.097–0.715, 
r = 0.460, P = 0.016) was significant (Fig. 4). These find-
ings suggest that changes in dCA determined by TCD-
measured cerebral blood velocity reflect that of actual dCA 
determined by flow data at least during orthostatic stress.

However, the intra-class correlation coefficients between 
MCA V- and ICA Q-determined ngains were very low (95% 
CI 0.005–0.655, ICC(2,1): 0.373, P = 0.007, Fig. 4). The 
change in dCA evaluated using TCD can be representative of 
actual change in dCA evaluated with direct measures of ICA 
Q during orthostatic stress, however, these findings indicate 
that individual value of MCA V-determined LF ngain was 
not equal to that determined by ICA Q probably because 
those were calculated by the same method (TFA) using dif-
ferent measurements (velocity and flow). However, caution 
may be used when dCA is derived using TCD-measured 
cerebral blood velocity. Regarding the issue for ICC evalu-
ation, a Bland–Altman plot was used to analyze the agree-
ment in a change in dCA in the TFA between two different 
measurements (velocity vs. flow). In this analysis, the biases 
were very low and all plots were within the LOA, indicating 
the agreement between changes in ngain from rest to LBNP 
evaluated in TFA using two TFA quantitative measurements. 
In addition to the result of the Pearson correlation, these 
findings suggest that TCD-determined dCA at least during 
orthostatic stress was not affected by the measurement limi-
tation in TFA (using velocity instead of flow data).

Several possible mechanisms for the divergent responses 
between dCA derived from MCA V and ICA Q warrant 
discussion. Although a previous study demonstrated that 
the high level of LBNP does not necessarily change the 

diameter of MCA [19], it is possible that fluctuations of 
MCA diameter contribute. The variation of cerebral artery 
diameter may be an effective damping function for blood 

Fig. 3   Group-average data 
combined with dot plot show-
ing the distribution of low 
frequency ngain assessed by 
mean middle cerebral artery 
blood velocity (MCA Vmean, the 
left panel) and internal carotid 
artery blood flow (ICA Qmean, 
the right panel) at rest, and 
during − 15 mmHg (LBNP15) 
and − 50 mmHg (LBNP50) 
lower body negative pres-
sure. *P < 0.05 compared with 
rest; †P < 0.05 compared with 
LBNP15

Rest LBNP15 LBNP50
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Fig. 4   Relationship between low frequency normalized gains (LF 
ngain) determined by mean internal carotid artery blood flow (ICA 
Qmean) and middle cerebral artery blood velocity (MCA Vmean). Hair-
lines indicate the 95% CI for the regression line. CI, confidence inter-
val; ICC, intraclass correlation coefficients
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flow or increase in a fluctuation in MCA V despite no 
change in average of diameter. Changes in perfusion pres-
sure may cause even small changes in MCA diameter via 
cerebral autoregulation. For example, increase in perfu-
sion pressure may cause vasoconstriction of the MCA via 
a myogenic response (i.e., cerebral autoregulation) and 
consequently, according to Poiseuille’s law, result in rela-
tively large decrease in CBF despite MCA V being main-
tained. Also, a decrease in perfusion pressure may cause 
vasodilation of the MCA via cerebral autoregulation and 
consequently result in relatively large increases in CBF. 
Thus, cerebral autoregulation-induced MCA vasomotion 
may acutely enhance dCA for CBF regulation with small 
change in MCA V, even as the diameter change is small 
and the average of MCA diameter is unchanged. In addi-
tion, variability of blood velocity changes cerebral shear 
rate which could cause changes in diameter of the cer-
ebral arteries [45]. For example, an increase or decrease 
in blood velocity changes shear rate, which could increase 
or decrease the diameter of cerebral artery, respectively, 
via endothelial function, leading to enhanced dCA for CBF 
regulation. This transient change in cerebral artery diam-
eter may also increase the variation of CBF compared with 
that of MCA V. Indeed, one previous study demonstrated 
that endothelial function contributes to CBF regulation 
[46]. However, because these are all based on speculation, 

we need further investigations to identify the underlying 
mechanism for the future use of TCD data for TFA.

Some limitations to the present study deserve further dis-
cussion. First, the data of the current study did not include 
female and/or elderly individuals. Thus, these results might 
not be adapted to the general population. It is possible that 
dCA is influenced by sex- and age-related differences [47, 
48]. Further studies including subjects across multiple gen-
erations and genders are warranted to clarify this issue. 
Second, even a slight change in the insonation angle of the 
probe impacts the reflected signal and alters the calculated 
CBF value. In the present study, the operators of the Dop-
pler measurement maintained the insonation angle of the 
probe by checking the blood vessel image as frequently as 
possible. However, we do not have any technique to reduce 
this limitation. Lastly, the TFA LF coherence assessed by 
ICA Q was smaller than that assessed by MCA V, thus the 
validity of the two measurements in TFA may be different. 
The different coherence between two TFA data using ICA 
Q and MCA V) may affect the comparison results. Thus, 
for example, in order to increase TFA LF coherence, the 
previous studies have used a squat-stand maneuver [49] or 
oscillatory LBNP [25] as the methodological approach for 
sufficient reliability. Also, in the present study, we could 
not neglect the possibility that these technical issues may 
cause a poor validity of analyzed data (e.g. ngain comparing 
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lower limits of agreement (LOA, mean difference ± 1.96 SD)
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between ICA Q and MCA V). Further studies using various 
techniques and methodological approaches to increase TFA 
coherence may be needed to increase the validity of the find-
ings of the present study.

5 � Conclusion

We found that ICA Q-determined TFA LF ngain was 
increased from rest and LBNP15 to LBNP50, similarly with 
those of MCA V-determined TFA LF ngain. In addition, the 
relationship between MCA V- and ICA Q-determined TFA 
LF ngains was statistically significant. These findings sug-
gest that dCA evaluated using TCD can be representative of 
actual dCA evaluated with direct measures of ICA Q during 
orthostatic stress. Moreover, in the Bland–Altman analysis, 
the difference in the TFA LF ngains determined by blood 
flow and velocity was within the margin of error, indicating 
that the two measurement methods can be interpreted as 
equivalent. Accordingly, the findings of the present study 
demonstrated that TCD-determined dCA was not affected by 
the measurement limitation (using velocity instead of flow 
data) and thus indicates that this traditional technique can be 
used as the standard approach for assessing dCA.
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