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Abstract
Background  Prior methods evaluating the changes in cerebral arterial blood volume (∆CaBV) assumed that brain blood 
transport distal to big cerebral arteries can be approximated with a non-pulsatile flow (CFF) model. In this study, a modified 
∆CaBV calculation that accounts for pulsatile blood flow forward (PFF) from large cerebral arteries to resistive arterioles was 
investigated. The aim was to assess cerebral hemodynamic indices estimated by both CFF and PFF models while changing 
arterial blood carbon dioxide concentration (EtCO2) in healthy volunteers.
Materials and methods  Continuous recordings of non-invasive arterial blood pressure (ABP), transcranial Doppler blood 
flow velocity (CBFVa), and EtCO2 were performed in 53 young volunteers at baseline and during both hypo- and hypercapnia. 
The time constant of the cerebral arterial bed (τ) and critical closing pressure (CrCP) were estimated using mathematical 
transformations of the pulse waveforms of ABP and CBFVa, and with both pulsatile and non-pulsatile models of ∆CaBV 
estimation. Results are presented as median values ± interquartile range.
Results  Both CrCP and τ gave significantly lower values with the PFF model when compared with the CFF model (p ≪ 0.001 
for both). In comparison to normocapnia, both CrCP and τ determined with the PFF model increased during hypocap-
nia [CrCPPFF (mm Hg): 5.52 ± 8.78 vs. 14.36 ± 14.47, p = 0.00006; τPFF (ms): 47.4 ± 53.9 vs. 72.8 ± 45.7, p = 0.002] and 
decreased during hypercapnia [CrCPPFF (mm Hg): 5.52 ± 8.78 vs. 2.36 ± 7.05, p = 0.0001; τPFF (ms): 47.4 ± 53.9 vs. 29.0 ± 31.3, 
p = 0.0003]. When the CFF model was applied, no changes were found for CrCP during hypercapnia or in τ during hypocapnia.
Conclusion  Our results suggest that the pulsatile flow forward model better reflects changes in CrCP and in τ induced by 
controlled alterations in EtCO2.

Keywords  Transcranial Doppler ultrasound · Cerebral arterial blood volume · Cerebral arterial compliance · Time constant 
of cerebral arterial bed · Critical closing pressure · Hypercapnia · Hypocapnia

1  Introduction

Changes in cerebral arterial blood volume (∆CaBV) stored 
in conductive cerebral arteries are determined by interac-
tions between pulsatile cerebral arterial inflow and flow 
forward, i.e. through the resistive arteries (mainly arteri-
oles). Previous experimental methodology utilizing mag-
neto-flowmetry was proposed for the assessment of the 
∆CaBV, with cerebral blood flow measured in the vertebral 
arteries of anesthetized dogs [1]. Scientists have followed 
up with magnetic resonance imaging (MRI) phase-coded 
evaluation [2, 3]. However, MRI as an advanced imaging 
technique is expensive, and allows only for a ‘snapshot’ 
evaluation of ∆CaBV. Recently, we proposed a methodol-
ogy for estimating ∆CaBV using non-invasive, inexpensive 
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transcranial Doppler ultrasonography (TCD). TCD allows 
for the continuous investigation of ∆CaBV at the patient’s 
bedside [4, 5], presuming that pulsatile inflow into a system 
of vascular compartmental compliances produces an exten-
sion of ∆CaBV, while flow forward can be approximated by 
continuous flow. This has been termed the ‘continuous flow 
forward’ (CFF) model [4].

In the current study, an important modification of ∆CaBV 
estimation has been suggested that invites an alternative 
analysis of cerebral arterial compliance considering pulsa-
tile blood flow forward (a simplified model of the cerebral 
blood circulation is presented in Fig. 1)—termed the ‘pul-
satile flow forward’ (PFF) model. The estimation of ∆CaBV 
drives the calculation of a set of parameters describing cer-
ebral hemodynamics [6] such as cerebral arterial compliance 
(Ca) [4, 5], the cerebral arterial time constant (τ) [7–9], and 
critical closing pressure (CrCP) [10].

Model-based hemodynamic parameters have been 
reported to be promising clinical indices. The τ was found 
shorter during cerebral vasospasm (CVS) after subarachnoid 
hemorrhage (SAH), and these changes precede the increase 
of mean blood flow velocity in the middle cerebral artery. 
Thus, the τ may serve as an early-warning indicator of CVS 
[11]. Furthermore, the τ was used to monitor the impair-
ment of cerebrovascular reactivity in internal carotid artery 
occlusive disease, which may indicate an increased risk of 
cerebral ischemia [9]. The decrease in Ca was found to be 
correlated with the severity of the internal carotid artery 
disease [12]. The CrCP was reported to be associated with 
unfavourable outcome in patients with CVS after SAH [13] 
and was also successfully used for non-invasive estima-
tion of cerebral perfusion pressure in patients after trau-
matic brain injury (TBI) [14]. The cerebral hemodynamic 
indices can also be useful when studying the physiology 
of hemodynamic events. For example, the development of 
the method for continuous ∆CaBV estimation enable us to 
determine that the main parameter shaping the intracranial 

pulse waveform in TBI patients is the pulse amplitude of 
∆CaBV [15].

Here, we compared the hemodynamic parameters esti-
mated by both the CFF and PFF models while manipulat-
ing arterial blood carbon dioxide concentration in healthy 
volunteers.

2 � Materials and methods

2.1 � Subjects

Fifty-three healthy volunteers (31 females and 22 males, 
median age: 22, range: 18–31 years) were recruited via 
advertisements posted on the website of the Wroclaw Uni-
versity of Science and Technology. The exclusion criteria 
included: tobacco smokers, incidence of cardiovascular, res-
piratory or neurological diseases, chronic illness, being on 
treatment or therapy known to alter cardiovascular param-
eters, and vascular risk factors (i.e. hypertension, diabetes 
mellitus, dyslipidaemia, etc.). Subjects were asked to avoid 
caffeine and alcohol for 12 h before the TCD measurements 
were taken. All participants went through a basic medical 
examination to further exclude any disorders.

2.2 � Protocol and data acquisition

The middle cerebral artery (MCA) was insonated using TCD 
(Doppler BoxX, DWL, Compumedics Germany GmbH, 
Singen, Germany) to non-invasively measure the cerebral 
blood flow velocity (CBFVa). The anatomical segments of 
the MCA were identified by their depth and the Doppler 
spectra. The ultrasound 2 MHz probe was attached to a plas-
tic helmet and immobilized by fitting the measuring frame 
to the patient’s head. The level of carbon dioxide released 
at the end of expiration (EtCO2) was recorded with a fit-
ted mask applied to the patient’s nose and mouth and con-
nected to a capnograph (RespSense™, NONIN, Plymouth, 
MN, USA) via a sample line. The beat-to-beat arterial blood 
pressure (ABP) signal was measured non-invasively using 
photoplethysmography (Finometer MIDI, FMS Medical 
Systems, Amsterdam, The Netherlands). The measuring 
cuff was placed on the middle finger of the left hand, which 
was held at the level of the heart. Electrocardiogram (ECG) 
signals were recorded by a three-lead surface electrode 
device, attached to the Finometer MIDI device. Accord-
ing to experimental protocol, during the measurements, 
all participants were seated in the middle of the chair with 
feet flat on the floor. First, 5 min of spontaneous breathing 
were recorded (normocapnia). Afterwards, participants were 
asked to re-breathe from a plastic reservoir bag attached to 
the face mask, until the concentration of EtCO2 was at least 
45 mm Hg and had reached a plateau (hypercapnia)—see 

Fig. 1   Simplified model of cerebral blood flow circulation. In the pul-
stile flow foward  model  (PFF), the  inflow pulse (inflow to Ca/CVR 
vascular impedance) and  the outflow down CVR, which is ABP(t)/
CVR  are considered. mCBFVa cerebral blood flow velocity in the 
middle cerebral artery, ABP(t) arterial blood pressure, CVR cerebro-
vascular resistance and Ca the compliance of the cerebral arterial bed



87Journal of Clinical Monitoring and Computing (2019) 33:85–94	

1 3

Fig. 2. In this state, signals were recorded within approxi-
mately 5 min. In the last step, the plastic sack was removed, 
and volunteers were asked to breathe deeply for a maximum 
of 5 min to achieve mild hypocapnia.

2.3 � Signal analysis

Recorded signals were sampled with a frequency of 200 Hz. 
Data was collected and further analyzed using the Inten-
sive Care Monitor (ICM+) system (Cambridge Enterprise 
Ltd., Cambridge, UK). All recorded signals were visually 
inspected to identify artefacts and noise. All recognized dis-
tortions were removed manually, and further analysis was 
performed with utilization of the correct parts of the signals.

2.4 � Pulsatile changes in cerebral blood volume

The amount of arterial blood supplied to the cerebral space 
by the vascular system during a cardiac cycle is partially 
compensated by the simultaneous outflow of blood through 
the venous system. Both the cerebral blood inflow (CBFin) 
and the cerebral blood outflow (CBFout) have a pulsatile char-
acter, but their pulse waveform shapes are different, resulting 
in ∆CaBV during a heartbeat. The interaction between pul-
satile changes in CBFin and CBFout determines the transient, 
time-dependent ∆CaBV, and can be described by the follow-
ing equation (Avezaat and van Eijndhoven 1986):

where t0 is the beginning, t is the end of single cardiac cycle, 
and s is the variable of integration. When employing TCD, 
CBFout cannot be monitored simultaneously with CBFin. 
Therefore, in our previous papers which used the CFF model 
[4, 5, 8, 9], we assumed that CBFoutCFF, which has a low 
pulsatility in relation to CBFin [16], could be approximated 
by a continuous flow that is equal to the cerebral arterial 
inflow (CBFa) averaged over a period longer than one car-
diac cycle. In practice, a time interval lasting at least 6 s was 
considered [17, 18].

Applying this modification to Eq. 1, we determined a defi-
nition of ∆CaBV during a one cardiac cycle, estimated with 
the CFF model (ΔCaBVCFF):

where t0 is the beginning, t is the end of single cardiac cycle, 
and s is the variable of integration. However, as mentioned 

(1)ΔCaBV(t) =

t

∫
t0

(

CBFin(s) − CBFout (s)
)

ds

(2)CBFoutCFF(t) = meanCBFa

(3)ΔCaBVCFF(t) =

t

∫
t0

(CBFa(s) −meanCBFa)ds

Fig. 2   Continuous monitoring of end-tidal CO2 (EtCO2), cerebral blood flow velocity in the middle cerebral artery (CBFVa) and arterial blood 
pressure (ABP) during normo-, hyper- and hypocapnia in a 24-year-old male volunteer
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above, the blood outflow is not constant and depends on 
the impedance of the afferent part of the vascular system 
controlled by the vasomotor tone of the cerebral vessels and 
pulsatile changes in ABP. Therefore, the cerebral blood out-
flow (CBFoutPFF) was alternatively modelled as ABP divided 
by the cerebrovascular resistance (CVR):

CVR was determined as a ratio between pressure and cer-
ebral blood flow. However, in the formula below (Eq. 5), 
CVR was normalized [cerebral blood flow was divided by 
the unknown cross-sectional area (Sa)]. Then, CVR was esti-
mated as a ratio between mean ABP and mean CBFVa as 
follows [4, 6]:

Thus, by applying Eqs. 4 and 5 to Eq. 1, the ΔCaBV dur-
ing a one cardiac cycle was estimated with the PFF model 
(ΔCaBVPFF):

where t0 is the beginning, t is the end of single cardiac cycle, 
and s is the variable of integration.

Assuming that the Sa of the insonated vessel remains con-
stant in healthy subjects [4, 19, 20], and taking into account 
a finite sampling frequency, Eqs. 3 and 6 can be rewritten 
utilizing TCD-determined CBFVa:

where n is the following number of samples from the begin-
ning of one cardiac cycle, Δt is the time interval between 
two consecutive samples, CBFVa(i)—a moving average 
of the CBFVa from the window including several previ-
ous heart cycles (in our study a 6-s window was applied), 
ABP(i)—arterial blood pressure at each time, CVR—a mov-
ing average of cerebrovascular resistance, and Sa denoting 
an unknown cross-sectional area of the insonated vessel. 
Note that both ∆CaBVCFF and ∆CaBVPFF are normalized 
for calculation (divided into unknown cross-sectional area, 
Sa). Thus, the units of ∆CaBVCFF and ∆CaBVPFF and their 

(4)CBFoutPFF(t) =
ABP(t)

CVR

(5)CVR =
meanABP

meanCBFVa

(

mmHg s

cm

)

(6)ΔCaBV(t)PFF =

t

∫
t0

(

CBFa(s) −
ABP(s)

CVR

)

ds

(7)

ΔC
a
BV(n)

CFF
=

n
∑

i=1

[CBFV
a
(i) −meanCBFV

a
(i)]Δt(i)

× S
a

(

cm

s
s cm

2

)

(8)

ΔCaBV(n)PFF =

n
∑

i=1

[

CBFVa(i) −
ABP(i)

CVR

]

Δt(i) × Sa

(

cm

s
s cm2

)

amplitudes are not units of volume (cm3), but (cm). Both 
signals obtained from the above calculations (∆CaBVCFF and 
∆CaBVPFF) have clearly pulsatile components, but the shape 
of the ∆CaBVPFF waveform is different and its amplitude is 
lower than that of ∆CaBVCFF—see Fig. 3.

2.5 � Model‑based parameters of cerebrovascular 
dynamics

The two methods for describing changes in cerebral arterial 
blood volume calculation (∆CaBVCFF and ∆CaBVPFF) were 
used for the estimation of indices describing cerebrovascular 
dynamics including: cerebral arterial compliance (Ca), the 
cerebral arterial time constant (τ), and critical closing pres-
sure (CrCP). The algorithms for the calculations of these 
cerebrovascular model-based indices were presented in 
detail elsewhere [4, 9, 10] and briefly described below.

2.6 � Compliance of the cerebral arterial bed

Compliance describes the ability of the cerebral vessels to 
distend and increase in volume with increasing pressure 
[21]. The Ca is here defined as a ratio between the pulsatile 
amplitude of ∆CaBV (Amp∆CaBV) and the amplitude of 
ABP (AmpABP) [4, 5]. Note that in the formulas below 
(Eqs. 9–11), Ca was normalized [divided by the unknown 
cross-sectional area (Sa)]. Then, Ca was expressed as:

Using the CFF model of the compliance of the cerebral 
arterial bed (CaCFF) was calculated as:

where Amp∆CaBVCFF and AmpABP were determined, using 
Fourier transform, as the amplitudes of fundamental compo-
nents of ∆CaBVCFF and ABP, respectively.

The following equation was applied to estimate the com-
pliance of the cerebral arterial bed using the PFF model 
(CaPFF):

where Amp∆CaBVPFF was estimated using the Fourier 
transform of changes in ∆CaBVPFF during a cardiac cycle 
as follows:

(9)Ca =
AmpΔCaBV

AmpABP

(

cm

mmHg

)

(10)CaCFF =
AmpΔCaBVCFF

AmpABP

(

cm

mmHg

)

(11)CaPFF =
AmpΔCaBVPFF

AmpABP

(

cm

mmHg

)

(12)

AmpΔCaBVPFF =

(

AmpCBFVa −
AmpABP

CVR

)/

2� ⋅ HR (cm)
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The heart rate (HR) was defined as the fundamental fre-
quency of ABP and expressed in (Hz). Equation 12 was 
introduced in a new proposal of CaPFF estimation to account 
for the time delay between signals recorded from cerebral 
arteries using transcranial Doppler ultrasonography (CBFVa) 
and from the finger using photoplethysmography (ABP), 
under the assumption that the ‘physiological’ phase shift 
between the first harmonics of CBFVa(t) and ABP(t) pulses 
is small and constant.

2.7 � Time constant of the cerebral arterial bed

The time constant of the cerebral arterial bed (τ) can be 
interpreted as the time required to fill the arterial bed distal 
to the level of the insonated vessel. To calculate τ, we used a 
simplified model of cerebral blood flow circulation [18] con-
sisting of a single resistor and capacitor, representing CVR, 
and Ca, respectively—see Fig. 1. The τ was then calculated, 
analogous to an electrical resistor–capacitor (RC) circuit, as 
the product of Ca and CVR [7, 8]:

where CVR was estimated according to Eq. 5, whereas 
to calculate Ca either Eq. 10 or Eq. 11 was used, giving 
two estimates: a CFF—based time constant (τCFF) and a 
PFF—based time constant (τPFF). Note that the product of 
Ca and CVR removes the unknown contribution from the 

(13)� = Ca ⋅ CVR (s)

cross-sectional area (normalization is not required), there-
fore τ can be expressed in units of time (seconds).

2.8 � Critical closing pressure

Critical closing pressure (CrCP) is defined as the level of 
arterial pressure below which arterial vessels start to col-
lapse [22]. In this study, we used a multi-parameter model 
of CrCP calculation proposed by Varsos et al. [10]:

Two estimators of Ca (Eq. 10 or Eq. 11) were applied to 
Eq. 14, giving two definitions: CFF—based critical closing 
pressure (CrCPCFF) and PFF—based critical closing pressure 
(CrCPPFF). Similar to τ, the unknown cross-sectional area 
is reduced, and both estimators of CrCP are calculated with 
the ‘physical’ unit mm Hg.

2.9 � Statistical methods

The normality of the analyzed data distribution was evalu-
ated by a Kruskal–Wallis test with a Lilliefors correction. 
The hypothesis of normality was rejected for most of the 
analyzed parameters, therefore non-parametric tests were 
used. Median values of hemodynamic indices estimated 

(14)

CrCP = meanABP −
meanABP

√

(CVR ⋅ Ca ⋅ HR ⋅ 2π)2 + 1

(mmHg)

Fig. 3   Pulsatile changes in cerebral blood flow velocity (CBFVa), 
arterial blood pressure (ABP), electrocardiogram (ECG), and changes 
in cerebral arterial blood volume (∆CaBV) calculated using both the 
continuous flow forward (CFF) and the pulsatile flow forward (PFF) 
models during normocapnia in a 24-year-old male volunteer. ∆CaBV 

is normalized by the  cross-sectional area of the insonated vessel. 
Results obtained with the PFF model include the influence of cere-
brovascular resistance and the pulsatile character of ABP, whereas the 
CFF model is based on mean CBFVa
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using both CFF and PFF models were compared using 
a Wilcoxon signed-rank post-hoc test. In order to evalu-
ate differences between physiological parameters (ABP, 
EtCO2, CBFVa, HR) and hemodynamic indices during 
normo-, hyper-, and hypocapnia, a nonparametric ANOVA 
Friedman’s test was applied. Differences between two 
particular EtCO2 changes (either hypocapnia or hyper-
capnia in relation to normocapnia) were analyzed using 
a Wilcoxon signed-rank post-hoc test with a Bonferroni 
adjustment. The relationships between EtCO2 and cere-
brovascular indices were calculated using multiple linear 
or linearized regression analyses with subjects treated as 
categorical factors using dummy variables (with respect 
to the inter-subject variability) and a partial coefficient 
(Rpartial) between analyzed variables, as recommended 
by Bland and Altman [23, 24]. The level of significance 
for the ANOVA Friedman’s test was set at 0.05 and at 
ppost-hoc < 0.025 for post-hoc comparison. Results are pre-
sented as medians (interquartile ranges (IQR), 25th–75th 
percentile). STATISTICA (data analysis software system), 
version 12 (StatSoft, Inc., Tulsa, USA) was used to per-
form the statistical analysis.

3 � Results

3.1 � Comparison of hemodynamic parameters 
at baseline

Estimators calculated using the CFF and PFF models differ 
quantitatively—see Table 2.

Ca, τ, and CrCP were lower in value when estimated 
using the PFF model (p ≪  0 0.001 for all differences).

3.2 � Physiological variables during EtCO2 changes

Median values (25th–75th percentile) of ABP, EtCO2, HR, 
and CBFVa along with the results of statistical compari-
sons between either hypocapnia or hypercapnia in rela-
tion to normocapnia are presented in Table 1. Changes 
of EtCO2 have a meaningful effect on all of the analyzed 
physiological parameters (Friedman ANOVA p ≪ 0.001 
for all differences). During hypercapnia, CBFVa, HR, 

Fig. 4   The correlations for pooled data between: critical closing 
pressure (CrCP), compliance of the  cerebral arterial bed (Ca), and 
the  time constant of cerebral arterial bed (τ) calculated using the 
continuous flow forward model (CFF, a–c) and the pulsatile flow 

forward model (PFF, d–f) and end–tidal carbon dioxide concentra-
tion (EtCO2). In Panels b and c, the solid line is the linear fit and the 
dashed line is a 95% confidence interval, whereas in d and f, the solid 
line is exponentially fitted as determined by the least squares method



91Journal of Clinical Monitoring and Computing (2019) 33:85–94	

1 3

ABP, and ABP pulse amplitude significantly increased 
in comparison with normocapnia. On the other hand, 
hypocapnia caused significant decreases in EtCO2 and 
CBFVa, and an increase in HR in relation to normocapnia. 
The elevation of ABP during hypocapnia was statistically 
insignificant, but the pulse amplitude of ABP showed a 
significant increase.

3.3 � Hemodynamic indices estimated using CFF 
and PFF models during EtCO2 changes

When the PFF model was applied, hypercapnia short-
ened τPFF and decreased CrCPPFF, whereas hypocapnia 
induced the opposite changes, see Table 2. A clear reac-
tion to alterations in EtCO2 was not noticed when the CFF 

Table 1   Median values 
(25th–75th percentile) of 
physiological parameters for 
53 volunteers during hypo-, 
normo- and hypercapnia

CBFVa cerebral blood flow velocity in the middle cerebral artery, ABP arterial blood pressure, AmpABP 
amplitude of pulsatile changes in ABP, EtCO2 end-tidal carbon dioxide concentration, and HR heart rate
p values of the Friedman ANOVA were lower than 0.001 for all parameters

Parameter Hypocapnia Normocapnia Hypercapnia p value
normocapnia 
vs. hypocap-
nia

p value
normocapnia 
vs. hypercap-
nia

CBFVa
(cm/s)

50.6 (43.9–55.6) 71.9 (63.3–78.2) 91.6 (80.4–106.7) ≪ 0.001 ≪ 0.001

ABP
(mmHg)

91.1 (81.9–97.5) 89.3 (79.9–98.5) 98.8 (87.6–109.5) n.s ≪ 0.001

AmpABP
(mmHg)

14.5(12.6–16.7) 13.1(11.4–14.9) 14.8(12.6–17.2) ≪ 0.001 ≪ 0.001

EtCO2
(mmHg)

29.4 (27.9–32.5) 36.3 (33.6–39.0) 47.5 (44.6–49.5) ≪ 0.001 ≪ 0.001

HR (beats/min) 85.7 (79.1–96.0) 73.4 (68.4–81.7) 76.9 (69.6–84.9) ≪ 0.001 ≪ 0.001

Table 2   Median values (25th–75th percentile) of hemodynamic parameters calculated using both continuous (CFF) and pulsatile (PFF) flow for-
ward models for 53 volunteers during hypo-, normo- and hypercapnia

Amp∆CaBV amplitude of cerebral arterial blood volume, CVR cerebrovascular resistance, Ca compliance of cerebral arterial bed, τ cerebral arte-
rial time constant, CrCP critical closing pressure
p values of Friedman ANOVA were lower than 0.001 for all parameters except for Amp∆CaBVPFF (not significant) and CaPFF (p = 0.002)

Parameter Hypocapnia Normocapnia Hypercapnia p value
normocapnia vs. 
hypocapnia

p value
normocapnia 
vs. hyper-
capnia

Amp∆CaBVCFF
(cm)

1.5 (1.2–1.7) 2.0 (1.7–2.3) 2.2 (1.9–2.7) ≪ 0.001 ≪ 0.001

Amp∆CaBVPFF
(cm)

0.56 (0.40–0.77) 0.48 (0.28–0.72) 0.41 (0.28–0.63) n.s n.s

CVR
(mmHg s/cm)

1.8 (1.6–2.1) 1.3 (1.1–1.5) 1.1 (0.9–1.3) ≪ 0.001 ≪ 0.001

CaCFF
(cm/mmHg)

0.099 (0.079–0.131) 0.154 (0.133–0.191) 0.153 (0.142–0.187) ≪ 0.001 n.s

CaPFF
(cm/mmHg)

0.035 (0.027–0.048) 0.038 (0.024–0.063) 0.031 (0.018–0.054) n.s 0.023

τCFF
(ms)

190.0 (160.4–222.1) 204.2 (168.0–233.6) 173.2 (145.8–198.7) n.s ≪ 0.001

τPFF
(ms)

72.8 (52.5–98.2) 47.4 (28.7–82.6) 29.0 (20.0–51.3) 0.002 0.0003

CrCPCFF
(mmHg)

42.4 (34.5–48.0) 38.2 (31.4–42.4) 37.6 (32.2–43.0) 0.0001 n.s

CrCPPFF
(mmHg)

14.36 (8.31–22.78) 5.52 (3.02–11.80) 2.36 (1.26–8.30) 0.00006 0.0001
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model was used. Elevated EtCO2 did not affect CrCPCFF, 
nor did a decrease in EtCO2 influence τCFF (see Table 2). 
However, similar to parameters calculated with the PFF 
model, CrCPCFF increased during hypocapnia, whereas τCFF 
decreased during hypercapnia when compared to normocap-
nia. In our study sample, hypocapnia increased CVR and 
decreased CaCFF, but did not change CaPFF. In contrast, hyper-
capnia decreased CVR, did not change CaCFF, and slightly 
decreased CaPFF. When the CFF model was used to estimate 
the amplitude of ∆CaBV (Amp∆CaBV), some significant 
differences were shown during hypocapnia and hypercap-
nia: Amp∆CaBVCFF decreased during EtCO2 reduction and 
increased during EtCO2 elevation (see Table 2), whereas the 
amplitude of ∆CaBV estimated with the PFF model, was not 
affected by changes in EtCO2.

3.4 � Correlations between PFF and CFF estimators 
and EtCO2

The analysis of pooled data at all EtCO2 levels (normo-, 
hyper- and hypocapnia) showed a positive, robust relation-
ship between EtCO2 and CaCFF (Rpartial = 0.60, p ≪ 0.001), 
but no correlation was found between EtCO2 and CaPFF. 
On the other hand, CrCPPFF was negatively correlated with 
EtCO2 (Rpartial = − 0.54, p ≪ 0.001), but not correlated with 
CrCPCFF. The τCFF was negatively and weakly correlated 
with EtCO2 (Rpartial = − 0.23, p = 0.001), whereas τPFF 
was negatively correlated with EtCO2 (Rpartial = − 0.50, 
p ≪ 0.001). Figure 4 provides a visual representation of 
these statistics.

4 � Discussion

In this study, we compared hemodynamic indices estimated 
using both CFF and PFF models during EtCO2 changes in 
normal subjects. A group evaluation showed that hyper-
capnia reduced Ca estimated with the PFF model but did 
not affect Ca determined with the CFF model. Either the 
reduction or no change in Ca during hypercapnia seemed 
to be counterintuitive at first, as carbon dioxide is a known 
vasodilator and an increase in Ca is expected when EtCO2 
is elevated. In our study, however, hypercapnia caused a 
concomitant increase in mean ABP and its amplitude. As a 
result, the amplitude of the ∆CaBV signal calculated using 
the CFF model increased, whereas it remained unchanged 
when the PFF model was applied. Consequently, Ca (being 
the ratio between Amp∆CaBV and AmpABP) did not change 
when estimated using the CFF model but decreased during 
hypercapnia when calculated using the PFF model. These 
differences in Ca estimation influenced other hemodynamic 
indices that included Ca in their calculations, namely τ and 
CrCP. The τ estimated with both models shortened during 

hypercapnia. Shorter τ during EtCO2 elevation suggests a 
decrease in wall tension, and should lead to a decrease in 
CrCP due to vasodilatation [25]. A significant decrease in 
CrCPPFF was observed, however no change in CrCPCFF was 
found during hypercapnia.

During hypocapnia, a decrease in Ca was expected as 
a consequence of increasing CVR [5]. Ca estimated with 
the CFF model, indeed demonstrated a significant decrease 
resulting from a reduction of Amp∆CaBVCFF and an increase 
in AmpABP. On the contrary, there was no change in Ca esti-
mated with the PFF model despite an increase in AmpABP 
and with Amp∆CaBVPFF remaining constant. Therefore, τ 
(being a product of Ca and CVR) estimated with the PFF 
model increased during hypocapnia, but did not change 
when the CFF model was applied. This lack of variation 
in τCFF resulted from the significant increase in HR dur-
ing the EtCO2 decrease seen in our current data. In a previ-
ous study, performed in another cohort of normal subjects, 
HR remained unchanged during hypocapnia, and a signifi-
cant prolongation of τ estimated with the CFF model was 
observed [9]. During hypocapnia, CrCP estimated with both 
models increased, demonstrating the expected response to 
an EtCO2 decrease. It should be noted that in contrast to τ, 
the mathematical formula for CrCP estimation accounts for 
HR changes.

Another difference found when the PFF and CFF models 
were compared is that the values of the hemodynamic indi-
ces calculated using the PFF model are significantly lower 
than those estimated using the CFF model. All observed 
differences in results obtained with both models are related 
to the fact that the PFF model includes the influence of CVR 
and the pulsatile character of ABP, whereas the CFF model 
is based on the mean value of CBFVa.

4.1 � Limitations of the study

There is no agreement on whether partial pressure of car-
bon dioxide (PaCO2) alterations significantly affect MCA 
diameter and influence TCD—based ∆CaBV estimates [26, 
27]. Based on current research, using angiography [28] and 
MRI [29], we assumed that during moderate PaCO2 altera-
tions, that the M1 segment of the MCA under steady-state 
hemodynamic conditions retains relatively constant diam-
eter [19, 20, 30]. However, conflicting results have recently 
been published [31, 32]. Thus, TCD—based hemodynamic 
parameters need to be carefully interpreted during PaCO2 
changes, and further investigation in this area is required by 
using neuroimaging techniques with both high temporal and 
spatial resolution.

We have not validated our results with MRI due to the 
high costs of MRI study, and due to the fact that our meas-
urements were conducted in laboratory settings in healthy, 
young volunteers without medical indications for MRI 
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examination. Although MRI is a non-invasive measurement, 
it requires an intravascular contrast agent to quantify ∆CaBV 
[33]. Nevertheless, we are aware that comparing our results 
with MRI outcome would provide valuable information 
about the proposed method for ∆CaBV estimation, therefore 
MRI validation will be a goal of our further studies.

5 � Conclusion

There are two possible ways to estimate hemodynamic 
parameters: using pulsatile and continuous flow forward 
(PFF and CFF, respectively). Critical closing pressure and 
the cerebrovascular time constant (τ) are lower for the PFF 
than for the CFF model. Hemodynamic indices calculated 
using the PFF model demonstrated more clear reactions 
to changes in EtCO2 than those determined with the CFF 
model.
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