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Abstract
The time constant of the cerebral arterial bed (“tau”) estimates how fast the blood entering the brain fills the arterial vas-
cular sector. Analogous to an electrical resistor–capacitor circuit, it is expressed as the product of arterial compliance (Ca) 
and cerebrovascular resistance (CVR). Hypocapnia increases the time constant in healthy volunteers and decreases arterial 
compliance in head trauma. How the combination of hyocapnia and trauma affects this parameter has yet to be studied. 
We hypothesized that in TBI patients the intense vasoconstrictive action of hypocapnia would dominate over the decrease 
in compliance seen after hyperventilation. The predominant vasoconstrictive response would maintain an incoming blood 
volume in the arterial circulation, thereby lengthening tau. We retrospectively analyzed recordings of intracranial pres-
sure (ICP), arterial blood pressure (ABP), and blood flow velocity (FV) obtained from a cohort of 27 severe TBI patients 
[(39/30 years (median/IQR), 5 women; admission GCS 6/5 (median/IQR)] studied during a standard clinical CO2 reactivity 
test. The reactivity test was performed by means of a 50-min increase in ventilation (20% increase in respiratory minute 
volume). CVR and Ca were estimated from these recordings, and their product calculated to find the time constant. CVR 
significantly increased [median CVR pre-hypocapnia/during hypocapnia: 1.05/1.35 mmHg/(cm3/s)]. Ca decreased (median 
Ca pre-hypocapnia/during hypocapnia: 0.130/0.124 arbitrary units) to statistical significance (p = 0.005). The product of these 
two parameters resulted in a significant prolongation of the time constant (median tau pre-hypocapnia/during hypocapnia: 
0.136 s/0.152 s, p ˂  .001). Overall, the increase in CVR dominated over the decrease in compliance, hence tau was longer. We 
demonstrate a significant increase in the time constant of the cerebral circulation during hypocapnia after severe TBI, and 
attribute this to an increase in cerebrovascular resistance which outweighs the decrease in cerebral arterial bed compliance.
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1  Introduction

The time constant (tau) of the cerebral arterial bed esti-
mates the time (in seconds) required for a blood pulse to 
fill the arterial cerebral bed distal to the point of insona-
tion. Its calculation has been described using mathemati-
cal transformations of arterial blood pressure (ABP) and 
transcranial Doppler (TCD) cerebral blood flow velocity 
waveforms, and as a product of brain arterial compliance 
(Ca) and resistance (CVR) [1, 2]. The time constant has 
been studied in different situations: vasospasm in suba-
rachnoid haemorrhage [3], hydrocephalus [4] carotid ste-
nosis [2], and hypercapnia [5]; it has also been studied in 
TBI patients [6] and compared in different vascular brain 
territories in normal volunteers [7].

How this combination of hypocapnia and trauma affects 
tau has not been addressed so far. Studying 34 healthy 
volunteers during changes in ventilation, Kasprowicz 
et al. [1]  showed a prolongation of tau during hypocap-
nia, related to the increase in cerebrovascular resistance 
elicited by hyperventilation. On the other hand, it has been 
shown that cerebral arterial bed compliance decreases 
after hyperventilation in normal subjects [8] and in TBI 
patients [9]. This effect could influence tau in the opposite 
direction, shortening it. In normo-ventilated TBI patients, 
a decrease in arterial cerebral compliance has also been 
observed [10].

What would happen with tau in TBI after hyperventila-
tion? We hypothesized that the intense vasoconstrictive 
action of hypocapnia would dominate over the decrease 
in compliance seen after hyperventilation in TBI patients. 
This vasoconstrictive response would maintain an incom-
ing blood volume in the arterial circulation over a longer 
period, thereby increasing tau.

2 � Patients and methods

2.1 � Patients

We retrospectively analyzed recordings of intracranial 
pressure (ICP), arterial blood pressure (ABP), and tran-
scranial Doppler blood flow velocity (FV) from 27 severe 
TBI patients: 5 women, 22 men, median age 39 years 
(range: 17–70  years; IQR: 30  years), median GCS at 
admission: 6, (range 3–12), in whom an increase in ven-
tilation (20% increase in respiratory minute volume) was 
performed for 50 min as part of a standard clinical CO2 
reactivity test. The study protocol was presented prospec-
tively to the multidisciplinary NCCU user committee to 
address ethical issues concerning the publication of these 

data, which were routinely collected as a part of standard 
clinical management. Since data were fully anonymized, 
there were no data protection issues involved; it was 
agreed that formal informed consent was not required 
for this report. Studies were performed on day 4 ± 3 after 
injury. Subjects were part of a previously- published pro-
spective study about the time course of cerebral blood flow 
velocity and intracranial pressure after moderate hyper-
ventilation [11]. The characteristics of the patients are 
shown in Table 1. The same cohort has been studied in a 
retrospective analysis of cerebral arterial compliance [9], 
but tau has not been addressed so far.

2.2 � Management and monitoring

During the study, all patients were intubated and sedated 
with propofol (2–5 mg/kg h iv) and fentanyl (1–2 µg/kg h 
iv), and paralyzed with iv atracurium. Patients were man-
aged according to a cerebral perfusion pressure (CPP)-
orientated protocol, maintaining CPP < 70  mm Hg and 
ICP > 25 mm Hg [11]. ABP was measured invasively with 
an intra-arterial catheter inserted in the radial artery. ICP 
was monitored using an intraparenchymal probe (Codman 
MicroSensor ICP Transducer, Codman & Shurtleff, Rayn-
ham, M.A., USA). Flow velocity (FV) of the middle cer-
ebral artery (MCA) was measured using transcranial Dop-
pler ultrasonography (Multi Dop X4, DWL Elektronische 
Systeme, Sipplingen, Germany). End-tidal CO2 (EtCO2) was 
monitored using mainstream capnography (Marquette solar 
8000 M; Medelco, Boynton Beach, F.L., USA). Data were 
continuously monitored and recorded simultaneously using 
analog-to-digital conversion and waveform time integration. 
The “Intensive Care Monitor (“ICM +”)” software, Cam-
bridge Enterprise [12] was used to perform data processing 
and analysis.

2.3 � Intervention

To perform CO2 reactivity testing, the ventilator minute 
volume was increased by 15–20% after acquiring baseline 
data for 20 min. The lowest allowed PaCO2 was 26 mm Hg 
and the lowest allowed jugular bulb saturation was 55%. If 
these values were reached, hyperventilation was immedi-
ately stopped. A 10-min stabilization period was followed by 
a 50-min stable hyperventilation period during which it was 
unchanged. PaCO2 values were determined by arterial blood 
gas analysis at the beginning and at the end of the stable 
hyperventilation period to validate EtCO2 values.

The values pre- and during hypocapnia used in this paper 
were taken from the basal period and the stable hypocapnia 
period (Fig. 1).
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2.4 � Data analysis

The cerebrovascular time constant of the arterial bed was 
estimated before and during hypocapnia as the product of 
arterial compliance and cerebrovascular resistance:

Cerebral compliance was estimated as the ratio of the 
pulse amplitude of the cerebral arterial blood volume 
(CaBV) and the pulse amplitude of ABP.

The CaBV model is based on the assumption that the 
change in intravascular volume over one cardiac cycle 
corresponds to the difference between arterial inflow and 
venous outflow [13, 14]. Since the venous outflow has a 

tau = Ca ∗ CVR [s]

low pulsatility compared to arterial inflow [15], it was 
assumed to be constant and was calculated using the time-
averaged mean CBFV and the unknown cross-sectional 
area of the insonated artery. CVR was estimated as the 
ratio of mean CPP (CPP = ABP-ICP) and mean CBF 
was calculated as: (CBF = CBFV*Sa), with Sa noted as 
unknown but stable cross area of the insonated vessel.

Details of the formula derivation are described else-
where [1, 2, 16] and summarized in the appendix.

The distribution of numeric variables (n < 30) was con-
sidered non-parametric. Therefore, the Wilcoxon signed-
rank test was used for comparisons. Statistical significance 
was assumed at p  < 0.05. SPSS 19 software was used for 
all calculations.

Table 1   Characteristics of the 
patients

Patients characteristics and outcomes
n patient number; GCS glasgow coma scale; Marshall traumatic data bank classification score; DI diffuse 
injury I; DII diffuse Injury II; DIII diffuse Injury III; EML evacuated mass lesion; NEML non-evacuated 
mass lesion; GOS glasgow outcome score; GOSE glasgow outcome score extended; IQR interquartile range

n Age Sex Day GCS Marshall GOS GOSE

1 42 m 8 7 DII
2 18 f 2 7 DII 4 6
3 43 m 4 11 EML 4 5
4 19 m 2 3 DI 4 5
5 49 m 2 5 DII 1 1
6 45 m 2 6 EML 3 3
7 35 f 6 3 DII 3 3
8 53 f 2 9 DIII 3 3
9 38 m 4 4 DIII
10 26 m 3 5 EML 4 5
11 39 m 2 4 EML 3 3
12 29 m 3 4 DII 4 6
13 47 m 10 3 DII 3 3
14 22 m 3 3 DII 5 7
15 53 m 1 6 DI 4 5
16 55 m 12 10 EML 5 7
17 17 f 5 8 NEML 4 6
18 22 m 3 4 DI
19 20 m 2 8 DII 5 8
20 65 m 3 3 DII 1 1
21 37 m 2 3 EML 1 1
22 25 m 2 8 DII 5 7
23 70 m 1 12 NEML 4 6
24 23 m 4 8 EML 3 3
25 64 m 2 8 EML 3 3
26 47 m 4 3 DII 1 1
27 50 f 6 6 EML
Total 27 27 27 27 27 23 23
Median 39 2 6 4 5
IQR 30 2 5 1 3
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3 � Results

Clinical data, CT findings, and outcomes are summarized 
in Table 1.

3.1 � Change in PaCO2

Median (IQR) basal PaCO2 was 38.2 (4.6) mm Hg. Dur-
ing hyperventilation, it was 32.9 (6.9) mmHg. There was 
a significant difference between both variables (Wilcoxon 
signed-rank test, p  < 0.001.)

3.2 � Change in cerebrovascular resistance

CVR increased in 24 out of 27 cases. Basal values median 
(IQR) were 1.1(1.1) arbitrary units (AU) hypocapnia val-
ues were 1.4(0.9) (AU) (Fig. 2, left). The increase was 

significant (Wilcoxon signed-rank test, p  < 0.001). The per-
centage increase in CVR was (median (IQR): 22.6 (26.3)%.

3.3 � Change in compliance

Arterial compliance showed a significant decrease (Wil-
coxon signed-rank test, p = 0.005) (Fig. 2, center). The per-
centage decrease [median (IQR)] was 7.0 (20)%.

3.4 � Change in tau

Tau got significantly longer during hypocapnia (Wilcoxon 
signed-rank test, p  < 0.001). Median (IQR): 0.136(0.08) to 
0.152(0.08) [s] (Fig. 2, right). The overall increase in tau as 
expressed in percentages was: [median (IQR)] 11.4(12.7)  %. 
This increase in CVR outweighs the decrease in CA, 
explaining the prolongation of tau.

Fig. 1   Raw data acquired at 50 Hz, from one of the patients, show-
ing pre-hypocapnia (left) and hypocapnia (right) stable periods which 
were analyzed. Note the decrease in ICP and FV during hypocapnia. 

FV: Cerebral blood flow velocity; ICP: intracranial pressure; ABP 
arterial blood pressure

Fig. 2   Change in the different variables during hyperventilation in each patient. Boxplots show the median, minimum, maximum, and interquar-
tile range of CVR, Ca and tau, basal and during hyperventilation
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3.5 � Correlations between the different variables 
changes and PaCO2 change

The percentage change in CVR (dCVR) and in tau (dtau) 
before and during hypocapnia plotted against the percentage 
change in PaCO2 (dPaCO2), showed a significant correlation 
(Fig. 3, upper and lower panels). The correlation between 

the percentage change in Ca (dCa) and dPaCO2 was not sig-
nificant (Fig. 3, center panel).

When the association between dCVR and dCa was ana-
lyzed, an inverse relationship was found (Fig. 4).

4 � Discussion

In this work, we detailed the behavior of some of the high-
frequency parameters of the cerebral circulation in severe 
TBI patients during hyperventilation (Ca, CaBV, tau). 
TCD FV, ICP, and intraarterial pressure monitoring allows 
researchers to access pulsatile data from the brain. In this 
same cohort of patients, other high-frequency parameters, 
cerebral arterial compliance [9], and cerebral critical closing 
pressure [17] have been estimated in previous works.

The time constant (tau) of the cerebral arterial bed, 
determined as a product of vascular resistance and compli-
ance, theoretically reflects how fast an arterial blood load 
(which reaches the brain as the volume of an arterial pulse) 
can pass through the cerebral arterial vasculature during 
a cardiac cycle (from the point of insonation to the arte-
rio-capillary boundary). In the current paper, it has been 
studied invasively, using FV, ABP, and ICP signals. Tau 
(expressed in seconds) has the advantage to be independ-
ent of the cross-sectional diameter of the insonated artery, 
a value which cannot be measured with TCD. The values 
found in normal subjects are: [median, (IQR)): 0.22, (0.17, 

Fig. 3   Change in percentage in CVR (dCVR), Ca (dCa) and tau 
(dTAU), plotted versus change in paCO2 (dCO2). As can be seen, 
dCVR and dTAU are inversely correlated with dCO2, while dCa does 
not show a significant correlation

Fig. 4   Inverse proportionality between the change in CVR (dCVR) 
and the change in Ca (dCa). These inverse changes could affect in 
opposite directions the change in tau. However, the change in CVR 
predominated, resulting in a change in tau in the same direction as 
CVR (increase)
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0.26) seconds for young normal subjects] [1], but it has 
also been expressed as a percentage between 20–30% of 
the cardiac cycle in normal volunteers [1, 4]. It has been 
demonstrated that the time constant gets longer during 
hypocapnia in healthy volunteers through an increase in 
CVR [1], and shortens in patients with traumatic brain 
injury through a decrease in Ca [6].

It has also been studied in subarachnoid hemorrhage, 
showing that vasospasm, which decreases compliance and 
generates a reactive microcirculatory vasodilation distal to 
the diminished vessel radius, shortens the time constant [3]. 
These significantly shorter values appear before other TCD 
indices (mean flow velocity and the Lindegaard Ratio) could 
diagnose it.

Czosnyka et al. [5] analyzed the change in tau in 46 New 
Zealand rabbits after different modifications in systemic 
or cerebral pressures or in respiratory variables. The reg-
istered signals were: arterial pressure, EtCO2, intracranial 
pressure, and TCD cerebral blood flow velocity. The animals 
were divided in five groups depending on the performed 
change. In one of the groups, EtCO2 was changed in 9 ani-
mals between 35–55 mm Hg by adjusting the tidal volume 
of the ventilator. The changes in ventilation also generated 
changes in arterial blood pressure in some cases, which 
made the interpretation of the hypocapnia action more dif-
ficult. However, in 6 animals the changes in arterial pressure 
were limited, demonstrating an inverse response in CVR 
in relation to EtCO2 change. When studying the animals 
together with empirical regression, the increase in EtCO2 
elicited a decrease in CVR. CVR decreased on average to 
65% (p  < 0.05) of the value observed at an EtCO2 of 35 mm 
Hg (lower normocapnia). On the other hand, Ca increased, 
but at a lesser rate. As a result, tau got shorter. These results 
are comparable with the changes that we observed in our 
cohort.

In this study, we found: (a) tau (both basal and hypocap-
nic values) was shorter in TBI patients than in normal vol-
unteers. However, the calculation performed in normal 
volunteers does not include ICP in its formula, therefore, 
a statistical comparison cannot be performed; (b) When 
hypocapnia was induced, significant changes were elic-
ited. Tau got significantly longer. This was related to (c) a 
greater change in CVR, which increased, compared to (d) 
the change in Ca, which decreased. This decrease in Ca had 
already been found in this same group of patients by Car-
rera et al. [9]. This research hypothesized that the reduction 
in Ca during hypocapnia is related to an increase in arterial 
microvascular tone; this reduces the ability of the arterial 
bed to compensate for added cerebral arterial blood volume 
in each arterial pulse. Simultaneously, the decrease in CBV 
caused by vascular tree vasoconstriction moves the point 
where the brain is working in the pressure–volume curve to 
a less steep position.

Our results showed that in severe TBI patients, hypocapnia 
adjusts CBF through direct changes in CVR, with Ca being the 
rate of change of volume with pressure (indirectly affected). As 
a result, the change in the time constant is essentially primarily 
driven by the change in CVR.

Tau is potentially a very useful and interesting biomarker. 
Apart from the asymmetric values found during vasospasm in 
SAH, in non-asymmetric pathology a progressive increase of 
its value could make the physician aware that at least one of 
the two factors implied in its calculation can be changing either 
resistance or compliance.

There were some limitations to the study. First, some 
assumptions have been made in pulsatile volume modeling, 
specially that the venous outflow remains constant throughout 
the cardiac cycle. Actually, cerebral blood outflow is pulsatile; 
however, the magnitude of these venous pulsations is much 
lower than arterial pulsations [15, 18, 19]. This circumstance 
allows the use of a constant flow instead of an unknown low 
pulsatility one.

Another assumption is about vascular cross-sectional area 
invariability. The area of the insonated large vessel, the MCA, 
is not constant [20–22]. Large vessel diameters examined 
directly during surgery [20] or using 3T MRI [21], show a cer-
tain variability under different stimuli (like changes in CO2), 
though much smaller than those of arterioles or precapillary 
sphincters). This variability does cause some changes in Ca 
and CVR, but we have to underline that the calculation of tau 
makes it independent of this value.

Further, the number of patients investigated in this retro-
spective study was small. However, this population was size-
able enough to demonstrate that the increase in CVR elicited 
by hypocapnia was greater in percentage (and therefore had 
more impact on the increase of tau) than the decrease in cer-
ebral arterial bed compliance elicited by trauma. A larger pro-
spective study would be needed to further establish its poten-
tial usefulness in clinical practice. Finally, the model used in 
this trial has been validated with other monitoring or imaging 
techniques, emphasizing its validation with perfusion CT in 
trauma patients [10].

5 � Conclusions

In TBI patients who were hyperventilated in a routine test of 
CO2 reactivity, we could find a significant prolongation of the 
time constant of the cerebral circulation due to an increase in 
CVR, which overrode the simultaneously-induced decrease in 
compliance of the cerebral arterial bed.
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6 � Appendix

6.1 � Calculation of compliance

To calculate the compliance of the cerebral arterial bed, 
one must know: (1) how the cerebral arterial blood vol-
ume (CaBV) changes with each pulsatile inflow of arterial 
blood, and (2) the arterial blood pressure which generates 
this volume change.

6.2 � Calculation of cerebral arterial blood volume

The estimation of CaBV is based on a modification [1–3, 
16] of Avezaat and van Eijndhoven’s concept [13, 14] 
(Fig. 5). The change in blood volume (ΔCaBV) during an 
incoming arterial pulse can be calculated as the integral 
of the difference between pulsatile arterial inflow (CaBF) 
and low-pulsatility venous outflow (CvBF).

The assumption is made that the low-pulsatility venous 
outflow may be approximated by a constant flow equal to the 
averaged arterial inflow (CBFm). The instantaneous aver-
aged arterial inflow in the insonated point is equal to the 
mean cerebral blood flow velocity (FVm) multiplied by the 
cross-sectional area of the insonated vessel (Sa). Accounting 
for finite sampling frequency, we can write a discrete time 
difference equation in terms of flow velocity (FV).

Sa = cross sectional area of the insonated vessel (MCA) 
(unknown), 1/AF = Acquisition frequency (AF) period., 
n = number of samples during the cardiac cycle, Eq. 1 can 
be simplified as:

The compliance of the cerebral arterial bed (Ca) [(cm3/
mmHg)] is calculated as the quotient of CaBV amplitude by 
ABP amplitude.

CaBV amplitude (CaBV1) is the maximum volume dur-
ing the heartbeat minus the minimum volume at the end of 
the diastolic phase of the velocity envelope. It is calculated 
as the first harmonic of the CaBV curve using a Fast Fourier 
transformation.

ABP amplitude (ABP1) is the maximum pressure during 
the heartbeat minus the minimum pressure at the end of the 
diastolic phase of the arterial pressure pulse. It is calculated 
as the first harmonic of the ABP curve using a Fast Fourier 
transformation.

Cerebrovascular Resistance (CVR) [mmHg/(cm3*s)] is 
estimated as the ratio between mean cerebral perfusion pres-
sure (mCPP = mABP-mICP) and cerebral blood flow (CBF). 
CBF is calculated as the mean cerebral blood flow velocity 
multiplied by the unknown but stable cross-sectional area of 
the insonated artery (Sa).

Note that in the CVR formula, the unknown but stable 
cross-sectional area of insonated artery is in the divisor.

6.3 � Calculation of the cerebral arterial time 
constant (tau)

(1)CaBV(n) =

n
∑

i̇=1

(FVi ∗
1

AF
∗ Sa − FVm ∗

1

AF
∗ Sa)

(2)ΔCaBV(n) =
Sa

AF

n
∑

l=1

(FVi − FVm)

(3)Ca = CaBV1∕ABP1

(4)CBF = FVm ∗ Sa

(5)CVR =
CPPm

FVm*Sa

(6)tau = CVR ∗ Ca

Fig. 5   Comparison of FV and CaBV [13]. (Reproduced with permis-
sion from Erasmus University). The upper curve shows the cerebral 
blood velocity profile as seen with TCD sonography. The arterial 
velocity profile is above zero and the venous is below zero. Note the 
lower pulsatility of the venous velocity profile, which therefore can be 
approximated by a constant flow. The lower curve shows the CaBV 
as calculated with the above described model. Note that the volume 
keeps increasing when the velocity has already started to fall. The 
ECG is shown below the two curves to facilitate the understanding of 
each pulse profile. The timing between the pulsatile inflow and out-
flow curves with the resultant change in CBV during a cardiac cycle 
is schematically demonstrated in the figure. The arterial inflow equals 
the venous outflow at times t2, t3 and t4. The blood volume increases 
when inflow exceeds outflow, (intervals t1-t2 and t3-t4) and decreases 
in the reverse situation. t1 and t2 respectively correspond to the mini-
mum and maximum volume
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The product of Ca (Eq. 3) and CVR (Eq. 5) removes the 
unknown contribution from the cross-sectional area (multi-
plying in Ca and dividing in CVR) entirely, thus allowing 
tau to be measured in seconds.
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