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Abstract

Background Cerebrovascular time constant (s) estimates

how fast cerebral blood arrives in cerebral arterial bed after

each heart stroke. We investigate the pattern of changes in

s following subarachnoid hemorrhage (SAH), with specific

emphasis on the temporal profile of changes in relation to

the development of cerebral vasospasm.

Methods Simultaneous recordings of arterial blood pres-

sure (ABP) and transcranial Doppler (TCD) blood flow

velocity (CBFV) in MCA were performed daily in patients

after SAH. In 22 patients (10 males and 12 females;

median age: 48 years, range: 34–84 years) recordings done

before spasm were compared to those done during spasm.

Vasospasm was confirmed with TCD (mean CBFV in

MCA > 120 cm/s and Lindegaard ratio > 3). s was

estimated as a product of compliance of cerebral arteries

(Ca) and cerebrovascular resistance (CVR). Ca and CVR

were estimated using mathematical transformations of

ABP and CBFV waveforms.

Results Vasospasm caused shortening of s on both the

spastic (before: 0.20 ± 0.05 s vs. spasm: 0.14 ± 0.04 s,

P < 0.0008) and contralateral side (before: 0.22 ± 0.05 s

vs. spasm: 0.16 ± 0.04 s, P < 0.0008). Before TCD signs

of vasospasm were detected, s demonstrated asymmetry

with lower values on ipsilateral side to aneurysm, in

comparison to contralateral side (P < 0.009),

Conclusions Cerebral vasospasm causes shortening of s.

Shorter s at the side of aneurysm can be observed before

formal TCD signs of vasospasm are observed, therefore,

potentially reducing time to escalation of treatment.
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Introduction

Subarachnoid hemorrhage (SAH) is a severe neurological

emergency, which currently has a 25% mortality. Delayed

cerebral vasospasm is a major complication following SAH

and a leading cause of morbidity and mortality in these

patients, which typically requires prompt and aggressive

treatment in the neurocritical care setting. It is manifested

by narrowing of large cerebral arteries with a typical onset

3–5 days after SAH and maximal narrowing at 5–14 days

[1]. A critical arterial narrowing leads to a reduction in

cerebral blood flow (CBF) and is thought to be one of the

major causes of delayed cerebral ischemia (DCI). Nonin-

vasive Transcranial Doppler (TCD) is frequently used to

monitor the development and progression of vasospasm

[2]. However, the usefulness of TCD is limited by the short

interval between detection of arterial narrowing and

symptom onset, which leaves a relatively narrow window

for further confirmatory testing, such as angiography or

perfusion CT. Furthermore, a single TCD measurement of

cerebral blood flow velocity (CBFV) is not sufficient when

vasospasm progresses from moderate to severe as the

relationship between arterial blood pressure (ABP), CBF,
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CBFV and diameter of the vessel becomes complex [3, 4].

Therefore, a new measure, which is independent of vessel’s

radius, and which takes into account the mean velocity as

well as pulsatile changes in both CBFV and ABP may be

useful to improve the assessment of cerebral hemody-

namics in patients after SAH.

The compliance of basal cerebral arteries (Ca) decreases

during cerebral vasospasm as tension of arterial smooth

muscles increases. We recently developed a method to

monitor changes in Ca in time [5–7]. In patients with

preserved autoregulation, a decrease in local perfusion

pressure due to arterial narrowing causes a decrease in

cerebrovascular resistance (CVR) due to dilatation of

resistance vessels in the territory distal to the affected

artery, in an attempt to maintain CBF and brain oxygena-

tion [7]. After SAH, autoregulatory mechanisms are

frequently impaired and it is uncertain whether down-

stream arterioles can still dilate during vasospasm [7, 8],

and thus, induce a compensatory decrease in distal cere-

brovascular resistance (CVR).

Assessment of both CVR and Ca requires an assumption

for cross-sectional area of insonated vessel to stay constant,

which is not valid during vasospasm. We recently proposed a

novel methodology to investigate the mutual relationship

between compliance of large cerebral arteries (Ca) and

resistance of small regulatory vessels (CVR). An ultrasound-

based index s (a product of Ca and CVR) termed the time

constant of arterial bed, is independent of the vessel’s radius

and expressed in physically interpreted units (seconds). The

time constant describes how fast the arterial bed distal to the

point of insonation is filled with blood [9, 10], following

cardiac systole. In this study, we investigated serial changes

in s at baseline and during vasospasm in patients after SAH.

Subjects and Methods

We retrospectively analyzed digitally recorded data from

the larger databases [11, 12] of SAH patients, examined

with TCD day by day, to assess the state of cerebral

autoregulation.

Twenty-two patients (10 males and 12 females; median

age: 48 years, range: 34–84 years) suffering aneurysmal

SAH, who developed TCD-detected cerebral vasospasm

(mean CBFV in MCA > 120 cm/s and Lindegaard ratio

(LR) (LR = CBFVMCA/CBFVICA) > 3) during the period

of investigations were indentified. 9 patients were studied

with approval of the local ethics committee as a part of

routine clinical protocol [11, 13]. No separate informed

consent was required. 13 patients were studied who were

enrolled into a randomized controlled trial of the use of

statins to augment cerebral hemodynamics after SAH [12].

In these patients, additional informed consent was obtained.

The culprit aneurysm was clipped surgically in 19 patients,

1 patients was treated with endovascular coiling, and 2

patients had no surgical intervention. All patients received

aggressive hypertensive, hypervolemic, hemodilutional

therapy as part of intensive care management of vasospasm

[1]. 6 patients were found to have been in the pravastatin

group of the aforementioned randomized controlled trial

[12]. LR was calculated and binary coded (1 for LR > 3

and 0 for LR < =3) for all patients during each examina-

tion session, in 9 patients exact values of LR were available.

Simultaneous recordings of ABP and CBFV in MCA

using TCD (Neurogard, Medasonics, Fremont, CA or DWL

Multi-Dop X4) were performed daily. CBFV was recorded

bilaterally using 2 MHz probes. Measured signals, CBFV

and ABP, were analyzed using ICM + software (Cam-

bridge Enterprise, Cambridge, UK)—see Fig. 1.

Periods of no vasospasm and vasospasm were com-

pared. In addition, differences between the side of

vasospasm and contralateral side were analyzed. In 8

patients, vasospasm occurred bilaterally and these cases

were excluded from asymmetry analysis.

Data Analysis

Cerebrovascular time constant of arterial bed s was esti-

mated before and during vasospasm as a product of arterial

compliance Ca (estimated as a ratio of pulse amplitude of

cerebral arterial blood volume derived from CBFV and

pulse amplitude of ABP) and cerebrovascular resistance

CVR (estimated as a ration of mean ABP and mean CBFV):

s ¼ Ca � CVR[s] ð1Þ

Details of the formula derivation are described in [9, 10]

and summarized in the appendix. It can be seen that s is

independent of the cross-sectional area of the insonated

vessel.

Paired t test was used to analyze the differences in mean

values at baseline versus vasospasm, and between the side

of vasospasm and the contralateral side. A multivariate

regression model was used to investigate the relationship

between s and the day after SAH in all 22 patients.

Accounting for inter-subject variability the patient number

was explicitly included into the model (using binary dummy

variables recoding), and the partial correlation coefficient

(Rpartial) between s and the day after SAH was calculated.

Statistical significance was assumed at P = 0.05.

Results

Vasospasm was detected using TCD criteria: LR > 3 [14]

and CBFV > 120 cm/s [2]. Average CBFV during the

vasospasm was 146.8 ± 23.4 cm/s and LR 5.1 ± 1.4.
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Vasospasm caused significant shortening in s on both sides

(ipsi: 0.20 ± 0.05 vs. 0.14 ± 0.04, P < 0.0008; contra:

0.22 ± 0.05 vs. 0.16 ± 0.04, P < 0.0008; see Fig. 2).

There was no asymmetry in either CBFV or LR between

sides before vasospasm (CBFV contra: 70.8 ± 21.4 cm/s

vs. CBFV ipsi: 83.0 ± 22.1 cm/s, p = 0.15 and LR contra:

2.2 ± 0.3 vs. LR ipsi: 2.7 ± 1.3, p = 0.44, respectively).

Time constant s, however, was significantly shorter on the

spastic side than on contralateral side before vasospasm

(Fig. 2).

There was a negative relationship between s and the day

after SAH on the side of the vasospasm (Rpartial = -0.49,

P = 0.000001) as well as on the contralateral, nonspastic

side (Rpartial = -0.44, P < 0.000001). The gradual

shortening of s was demonstrated in the early days after

SAH (Fig. 3). In our cohort, vasospasm was detected in

7 ± 3 days after SAH. s stabilized in about 10-12 days

after hemorrhage corresponding to the time of vasospasm,

in most cases.

Discussion

In this project, we applied a novel hemodynamic index,

time constant of cerebral arterial bed, to study its behavior

during vasospasm in patients after SAH. The results sug-

gest that vasospasm causes significant shortening of s,

which might be a result of a jointly reduced arterial com-

pliance of the affected cerebral artery (Ca) and a decrease

in CVR due to dilatation of the resistance vessel distal to

spastic section in response to diminished local perfusion

pressure.

Fig. 1 Example of time averaged arterial blood pressure (ABP), cerebral blood flow velocity (CBFV), and cerebrovascular time constant (s)

before (upper) and during (lower) vasospasm in the same patient

Fig. 2 Mean ± SE (box) ± 95% confidence interval (whiskers) of

time constant of cerebral arterial bed (s) before and during vasospasm

on the side of vasospasm (ipsilateral) and contralateral side. The

P values for the asymmetry comparison refers to 14 patients
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The parameter, s, calibrated in seconds, reflects an

interplay between the cerebral arterial compliance and the

cerebrovascular resistance. In case of cerebral spasm, we

cannot analyze changes in Ca and CVR separately as the

condition of unchanged vessel radius is not fulfilled.

Therefore, s, as a parameter independent of the vessel size,

seems to be well suited for assessment of hemodynamics in

patients after SAH. Our previous experimental study [9]

showed that s is modulated by changes in ICP, ABP and

EtCO2. Ca is more pressure-dependent than CVR, whereas

CVR is more sensitive to changes in EtCO2 than Ca. We

also found that s shortens in patients with ICA stenosis

most probably due to autoregulatory reduced CVR in the

distal vascular bed [10].

The important finding is that s demonstrated signifi-

cantly lower values on the spastic side before the onset of

vasospasm as identified using other TCD-indices: mean

flow velocity and LR. These findings suggest that the

compensatory vasodilatation can be impaired in patients

following SAH prior to the development of vasospasm and

that this impairment may be one of the mechanisms leading

to DCI. In this study, only patients who had symptomatic

cerebral vasospasm and subsequent hypertensive,

hypervolemic, hemodilutional therapy were studied. Pre-

viously, it has been demonstrated that assessment of

autoregulatory capacity (transient hyperemic response test)

can distinguish patients who are at risk of developing

neurological symptoms from those who are not [13]. It

remains to be determined in a prospective study, whether

assessment of s can provide similar insight and identify

patients who are at risk of DCI without the need for carotid

compression. Nevertheless, the sensitivity of s for detection

of early changes in cerebral hemodynamics may improve

diagnosis of vasospasm by reducing time to angiography

and/or perfusion CT as well as reducing time to escalation

of management. Furthermore, the independence from the

cross-sectional area of the insonated vessel gives s an

advantage over traditional TCD-indices in longitudinal

assessment of vasospasm evolution, therefore, guiding

intensive management.

The concept of s originates from the time constant of the

electric resistor–capacitor (RC) circuit. Electric RC time

constant can be interpreted as the interval required for a

system or circuit to change a specified fraction from one

state or condition to another.

There are limitations of the method worth listing. First,

for calculation of Ca we assumed that the volume of venous

blood outflow remains constant during a cardiac cycle.

Recent phase contrast MRI study [15] showed that sagittal

sinus flow pulsatility is much lower than pulsatility of

blood flow in basal arteries. Second, we used a surrogate of

cerebral blood pressure by pressure measured in radial

artery however we are not able to tell how much the arterial

pressure and its waveform is altered by vasospasm.

In conclusion, cerebrovascular time constant becomes

shorter during vasospasm and these changes precede the

increase of mean blood flow velocity in MCA, thus,

potentially extending the ‘therapeutic window.’
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Appendix

Cerebral Arterial Blood Volume (CaBV)

The magnitude of the pulsatile changes in CaBV (DCaBV)

used for calculation Ca (Eq. 1, Data analysis) was assessed

based on a model proposed by Avezaat and Eijndhoven

[16]. According to that concept the changes in cerebral

Fig. 3 Median and 25th, 75th percentiles of s (upper) and CBFV

(lower) on ipsilateral side versus days after SAH
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blood volume (DCBV) during a cardiac cycle can be cal-

culated as an integral of the difference between pulsatile

arterial inflow (CBFa) and venous outflow (CBFv) of

cerebral blood [17]:

DCBV ¼
Z t

t0

CBFaðtÞ � CBFvðtÞð Þdt ð1Þ

t0 denotes beginning of cardiac cycle.

We made an assumption that a low pulsatility venous

outflow (CBFv) may be approximated by constant flow

equal to averaged arterial inflow (meanCBFa) [18]:

CBFVv ¼ meanCBFa ð2Þ

Therefore, the pulsatile cerebral arterial blood volume

(DCaBV) can be expressed as:

DCaBV ¼
Z t

t0

CBFaðtÞ �meanCBFaðtÞð Þdt ð3Þ

Taking into account finite sampling frequency and

assuming that cross-sectional area of the insonated vessel

(the middle cerebral artery) is equal Sa we can rewrite the

previous equation as a discrete time difference equation in

terms of flow velocity (CBFV)

CaBVðnÞ ¼ Sa �
Xn

i¼m

CBFVaðiÞ �meanCBFVaðiÞð ÞDtðiÞ

ð4Þ

where Dt is the sampling interval and CBFVa(i) is sample

of cerebral arterial blood flow velocity.

Compliance of Cerebral Arterial Bed (Ca)

Ca was estimated as the pulsatile changes in cerebral

arterial blood volume (AmpCaBV) divided by the ampli-

tude of arterial blood pressure (AmpABP) [5, 6].

Ca ¼
AmpCaBV � Sa

AmpABP

cm2 � cm
s
� s

mmHg

� �
ð5Þ

where AmpCaBV and AmpABP—the amplitudes of fun-

damental components (first harmonic) of CaBV and ABP

pulse waveforms, respectively.

Resistance of Cerebrovascular Bed (CVR)

CVR was evaluated according to the following model [19]:

CVR ¼ meanABP

meanCBFV � Sa

mmHg
cm
s
� cm2

� �
ð6Þ

where Sa denotes a cross-sectional area of the insonated

vessel.

Time Constant of Cerebral Arterial Bed (s)

s was assessed as a product of Ca and CVR:

s ¼ Ca � CVR ¼
AmpCaBV � Sa

AmpABP

� meanABP

meanCBFV � Sa

ðsÞ ð7Þ

Substituting the Eqs. 5 and 6 into Eq. 7 allowed to

eliminate unknown cross-sectional area of the arterial

vessel and calculate in seconds the magnitude of time

constant of cerebral arterial blood inflow (s).
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