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Introduction

Cerebrovascular impedance describes the relationship
between pulsatile arterial blood pressure (ABP) and pulsatile
cerebral blood flow (CBF), i.e., the input and response of the
cerebral vascular bed [1]. As a complex function of fre-
quency, it is defined by modulus and phase shift, which rep-
resent respectively the amplitude ratio and phase difference
between components of pressure and flow signals of corre-
sponding frequency [2]. An impedance model of cerebral
vascular bed that recognizes the frequency dependence of its
parameters has been successfully used in studies on pulsatil-
ity index [3, 4] and critical closing pressure [5, 6]; however,
while the link between vascular properties and impedance
has been widely explored for most major vascular beds, rela-
tively little is known about cerebrovascular impedance pat-
terns [7, 8].

Traditionally, cerebrovascular impedance estimates are
derived from Fourier spectra of CBF velocity (CBFV) and
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ABP [8], and the analysis is limited to steady-state condi-
tions, fulfilling the signal stationarity requirements of
Fourier transform. In this study, we propose an approach to
calculate cerebrovascular impedance using heartbeat-to-
heartbeat analysis and time-frequency methods, which
allowed for the assessment of cerebrovascular impedance
during controlled changes in ABP and intracranial pres-
sure (ICP) in rabbits.

Materials and Methods

Material and Data Acquisition

A retrospective analysis of experiments conducted in New
Zealand white rabbits between 1993 and 1997 was per-
formed. The experiments were carried out in accordance
with the standards established by the United Kingdom
Animals (Scientific Procedures) Act of 1986. The experi-
mental protocol is described in detail in [1, 9].

In short, the animals were anesthetized and supported in a
sphinx position. The full group of 20 rabbits was divided into
three subgroups, with each of the subgroups undergoing a
different procedure: (a) in 8 rabbits a step decrease in ABP
was induced by administration of trimetaphan, (b) in 5 rab-
bits a transient increase in ABP was induced by administra-
tion of dopamine, and (c) in 7 rabbits ICP was raised using
constant-rate infusion (0.2 mL/min) of normal saline into the
lumbar cerebrospinal fluid space.

ABP was recorded in the femoral artery with a direct
pressure monitor inserted via a polyethylene cannula. CBFV
was recorded in the basilar artery with an 8-MHz transcra-
nial Doppler ultrasound probe positioned over a posterior
frontal burr hole. In selected rabbits, ICP was recorded with
a subarachnoid microsensor introduced through a second
burr hole. The signals were collected using customized soft-
ware at a sampling frequency ranging from 50 to 100 Hz.
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Data Analysis

All analyses were performed using programs custom-written
in MATLAB® (MathWorks®, Natick, MA, USA). Prior to
analysis, all signals recorded at sampling frequencies under
100 Hz were upsampled to 100 Hz to ensure uniform sam-
pling frequency across the whole data set. Phase-shift analy-
sis was performed on signals bandpass filtered with cutoff
frequencies of 1 and 20 Hz.

Selection of analysis period. First, signals were divided
into individual heartbeats based on local minima of the
CBFV signal. Duration of the analysis period extracted from
each recording was expressed in heartbeats to account for
variations in heart rate between the animals and during mea-
surements. Due to the contrasting patterns of hemodynamic
changes, different analysis periods were selected in each
group: (a) for rabbits with arterial hypotension, 800 heart-
beats before and 800 heartbeats after trimetaphan injection;
(b) for rabbits with arterial hypertension, 100 heartbeats
before and 1500 heartbeats after dopamine injection; and (c)
for rabbits with intracranial hypertension, 200 heartbeats
before and 2000 heartbeats after infusion onset. The time
points corresponding to the administration of drugs or infu-
sion onset were annotated manually. Extracted parts of the
recording were subsequently used to obtain estimates of
cerebrovascular impedance.

Modulus of cerebrovascular impedance. The modulus of
cerebrovascular impedance (|Z|) describes the ratio of ampli-
tudes of corresponding frequency components of ABP and
CBFV [10]. At heart rate frequency, the modulus of cerebro-
vascular impedance (denoted 1Z(f;;r)!) is calculated as

|Z(fir)| =

where AMP,gp and AMPcgpy are the amplitudes of the funda-
mental harmonics of ABP and CBFYV, respectively. In this
work, to reduce the effect of changes in heart rate, amplitude
estimates were calculated on a heartbeat-to-heartbeat basis
as the difference between the systolic and the diastolic value
of each signal.

Phase shift of cerebrovascular impedance. The phase
shift of cerebrovascular impedance (PS) describes the time
delay between corresponding frequency components of ABP
and CBFV [2]. To follow PS in both time (i.e., during hemo-
dynamic changes) and frequency (i.e., taking into account
the changes in heart rate occurring during the experiment), a
method of nonstationary signal processing called the joint
time and frequency (TF) approach was used. In the TF
approach, signals are represented on the two-dimensional
time-frequency plane, which makes it possible to track their
time-variant spectral content [11]. Here, the Zhao-Atlas-
Marks (ZAM) distribution [12] was chosen to obtain esti-
mates of TF phase shift (TFPS) between ABP and CBFV. This
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distribution is characterized by relatively high suppression of
so-called interference cross-terms and limited trade-off
between time and frequency resolution. The framework is
described in detail in our previous work on the subject of
cerebral autoregulation [13].

TFPS in the ZAM-distribution-based approach is calcu-
lated as [14]

TFPS(t,f) = arg[SZAM.xy (t’f)] 2)

where Szam (% f) s the cross spectrum of signals x and y
(here: ABP and CBFV). The cross spectrum (and, simi-
larly, auto spectra of signals x and y, denoted by Szam (7,
) and Szam,(, /), respectively) is in turn described by the
equation [15]
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In the preceding equation, g and & are window functions
responsible for smoothing the representation in time and fre-
quency domain.

Here the TFPS representation obtained from Eq. (2) was
further processed using a two-step masking procedure to
extract areas that are both related to heart rate frequency and
characterized by significant coupling between ABP and
CBFV. To estimate the extent of coupling between the sig-
nals in the TF domain, magnitude-squared TF coherence
(TFCoh) was used. TFCoh is described as [16]

S (8 f)F
ng)Mxx(t f) ZAMV) (t f)

where the superscript (c) indicates smoothing of the cross
and auto spectra required to ensure that TFCoh is bounded to
the range <0,1>. Only the (¢, f) points of the TFPS represen-
tation where the corresponding TFCoh values exceeded the
threshold value of 0.9 were included in further analysis [13].
Then a binary mask based on the fundamental frequency of
ABP (i.e., the heart rate frequency) was applied to the
coherence-filtered TFPS. A 3-decibel mask was obtained
using the procedure proposed in [16] by first finding the
maximum value in the TF representation of ABP around the
heart rate frequency at each time instant and then locating the
frequencies at which the value in the representation drops by
3 dB on either side of the maximum. Final time courses of PS
at heart rate frequency (PS(fyr)) were derived by averaging
TFPS values along the frequency axis within the combined
coherence- and ABP-based mask at each time instant. Time
in seconds was then converted to dimensionless time
expressed in heartbeats. Illustrative TF representations used
to obtain PS(fyr) are presented in Fig. 1.

TFCoh(1, f) =
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Fig. 1 Illustrative time-frequency representations used to obtain time
course of phase shift of cerebrovascular impedance at heart rate fre-
quency (PS(fyr)). (@) Bandpass-filtered time course (upper plot), power
spectrum (left plot), and time-frequency auto spectrum (center graph)
of arterial blood pressure (ABP). Note the fundamental harmonic of
ABP around 4.5 Hz. (b) Binary mask based on the fundamental har-
monic of ABP. Black areas indicate parts of the representation included
in subsequent analyses. (¢) Coherence-masked time-frequency phase

Time courses of cerebrovascular impedance estimates.
The time courses of 1Z(fyr)l and PS(fyr) were compared
with the time courses of mean ABP, ICP, and cerebral per-
fusion pressure (CPP; where available, estimated as
CPP = ABP — ICP) calculated by averaging the signals
over the period of one heartbeat. Illustrative time courses
for one rabbit are presented in Fig. 2.

Results

Figure 3 shows the group-averaged time courses of imped-
ance estimates and available parameters (ICP—and, conse-
quently, CPP—was not recorded in the arterial hypertension
group).

Following the injection of trimetaphan, mean ABP and
mean CBFYV both decreased (from the first 200 heartbeats
to the last 200 heartbeats: ABP, decrease to 53% [52-57%]

shift (TFPS) between ABP and cerebral blood flow velocity (CBFV).
White areas indicate parts of the representation where coherence
between ABP and CBFV is lower than 0.9, which are excluded from
subsequent analyses. (d) Coherence- and ABP-masked TFPS between
ABP and CBFV obtained by overlaying mask presented in (b) on rep-
resentation presented in (c). (e) Time course of PS(fr) values obtained
from representation presented in (d)

of baseline value; CBFYV, decrease to 78% [52-96%]; val-
ues are presented as median [first-third quartile]).
Similarly, CPP fell (to 45% [43-47%]) as mean ICP
increased slightly (to 108% [93-172%]). |Z(fur)! decreased
to 60% [45-74%] while PS(fiyr) changed from 25° [14°-
66°] to —26° [—54° to 23°].

Conversely, following administration of dopamine, mean
ABP increased (from the first 100 heartbeats to 100 heart-
beats around the maximum of group-averaged mean ABP: an
increase to 208% [119-214%]), as did mean CBFV (an
increase to 117% [104—138%]). |Z(fur)! rose to 141% [123—
168%] and PS(fur) changed from -34° [-50° to -27°]
to —27° [—39° to —20°].

Saline infusion resulted in a mean ICP increase to 330%
[315-370%] (from the first 200 heartbeats to the last 200
heartbeats), a mean CBFV decrease to 86% [80-98%], and a
CPP decrease to 70% [67-82%]. No significant change was
observed in either mean ABP or PS(fir), but IZ(fir)| dropped
on average to 76% [69-109%].
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Fig.2 Illustrative time courses for one rabbit from arterial hypotension
group. Top to bottom: mean arterial blood pressure (ABP), mean cere-
bral blood flow velocity (CBFV), mean intracranial pressure (ICP),

Discussion

Frequency-dependent parameters describing cerebral hemo-
dynamics are traditionally estimated using Fourier analysis
[8]. However, the applicability of classical Fourier transform
is restricted to steady-state conditions where the signals can
be assumed to be stationary, significantly limiting the range
of experiments where this approach is valid. On the other
hand, the nonstationarity of biomedical signals, including
those related to the cardiovascular system, has been widely
recognized in recent years, leading to a rise in prominence of
more advanced signal processing tools such as time-
frequency methods [17]. The approach presented in this
study was chosen specifically to offer the possibility of mon-
itoring changes in cerebrovascular impedance estimates in
time. In particular, the method of extracting heart-rate-related
components of phase shift between ABP and CBFV, which
takes into account the degree of coupling between them,
uniquely supports tracking related changes despite the time-

cerebral perfusion pressure (CPP), modulus of cerebrovascular imped-
ance at heart rate frequency (IZ(fr)!), and phase shift of cerebrovascular
impedance at heart rate frequency (PS(fur))

varying spectral content of the signals. Potential insights into
phenomena governing cerebral hemodynamics offered by
impedance analysis have been suggested by a number of
studies that emphasized the importance of including
frequency-dependent properties when interpreting indices
describing the state of cerebral circulation in various condi-
tions [3, 4, 8, 18]. In an attempt to extend cerebrovascular
impedance analysis to transient hemodynamic changes, we
have demonstrated that the proposed procedure allows for
the assessment of modulus and phase shift of cerebrovascu-
lar impedance during controlled changes in systemic ABP
and ICP.

Our results show that both 1Z(fyr)l and PS(fyr) change
during alterations in systemic ABP and follow the direction
of changes in CPP, with increases observed in the hyperten-
sion and decreases in the hypotension group, while only
IZ(fur)! is affected by changes in ICP. Interestingly, altera-
tions in PS(fr) appear to depend not only on the magnitude
but also the direction of change in ABP and its initial level,
since we observed that baseline values of PS(fyz) differ
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Fig. 3 Group-averaged time courses from (a) arterial hypotension, (b)
intracranial hypertension, and (c) arterial hypertension group. Top to
bottom: mean arterial blood pressure (ABP), mean cerebral blood flow
velocity (CBFV), mean intracranial pressure (ICP; not included in part
(¢)), cerebral perfusion pressure (CPP; not included in part (¢)), modu-

between groups. The latter can be, at least in part, explained
by the fact that the mean absolute ABP at baseline in the
hypertension group (Fig. 3) corresponds to end rather than
baseline level in the hypotension group. However, a compa-
rable level of mean ABP reached after dopamine injection
still did not produce positive PS(fyz), which could be
expected by comparison with the hypotension group. So far,
phase relationships between ABP and CBFV have primarily
been used to assess the state of cerebral autoregulation based
on low-frequency components (i.e., below respiration fre-
quency) [19], and little attention has been given to phase
shift between signals related to cerebral pulsations in gen-
eral. One previous study investigated the phase shift between
the fundamental harmonics of CBFV and ICP during infu-

lus of cerebrovascular impedance at heart rate frequency (IZ(fur)l), and
phase shift of cerebrovascular impedance at heart rate frequency
(PS(fir))- IZ(fur)! is presented as a percentage of baseline value. Black
lines: median, gray area: interquartile range

sion tests and its relationship with diminished compensatory
reserve at higher ICP levels [20]. This study, on the other
hand, suggests an influence of the level of CPP on the char-
acteristics of the cerebrovascular bed regarded as a system
transferring pressure pulsations to pulsatile flow.
Limitations. In this study, transcranial Doppler measure-
ments of CBFV in the basilar artery were used as estimates
of pulsatile CBF, and ABP recordings in the femoral artery
were used as substitutes for arterial pressure at brain level. It
should be noted that CBFV is not a direct equivalent of the
CBF waveform due to its dependence on the diameter of
insonated vessels and the properties of the vascular bed, and
femoral ABP is only an approximation of input cerebral
pressure waveform (although it has been shown that in
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humans the use of systemic ABP in modeling studies allows
for fairly reliable estimation of CBF waveforms when used
to replace cerebral pressure [21]). Moreover, the differences
in pulse transit time between the heart and femoral and basi-
lar arteries in individual recordings were not compensated,
and the physical distance between measurement sites may
have influenced the absolute values of PS(fir).
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