Estimating Arterial Wall Impedance using a Plethysmogram
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Abstract—This paper proposes a new method to estimate the arterial wall includes smooth muscle, it is also possible to

mechanical impedance of arterial walls with biological signals, express dynamic characteristics of arterial walls by mechanical
such as electrocardiogram, arterial pressure, and pulse oximetric impedance

plethysmogram that reflects arterial pulsation. A mathematical
model of the fingertip arterial wall is developed on the basis of

the relationship between the arterial pressure and the plethys- ; ; ;
mogram. The validity of the proposed method is then discussed Many techniques have been applied to measure arterial wall

by applying to monitor the arterial wall impedance properties st!ffness. .For example of mvaswg methodg to measure the
during surgical operations. It has been demonstrated that the Stiffness in the 1960's, the arterial wall stiffness has been
changes of the measured impedance parameters correspond tomeasured during open-heart surgery in which the aorta is
events during operations. exposed [7]. In this approach, variations in blood pressure

I. INTRODUCTION and vessel diameter were measured by hemodynamometer

and calipers, respectively, to estimate the stiffness. However,

The vascular system spreads through the body and tra|rt15|'s almost impossible to use such an invasive approach on

Eai:ii(;/r?ngﬁz 'Sslébztnan;ilssgt?grfsi?]a(r:)(/)r;opralrl:c;,V\i?hChblgz dO)f%slfgalthy individuals because of ethical problems. Also, some
. i ' . . hes h i I ic char-
is effectively absorbed and moderated by the highly elasﬁ%searc es have attempted to describe vascular dynamic char

. o Cteristics by a non-invasive approach. For example, Katayama
aorta, so that blood flows smoothly even in capillaries [1E y bp P Y

However when arterial compliance dearades due to adi t al. estimated the compliance of the arterial wall using
' plranc gra 9 plethysmogram and blood pressure [8], and other similar
the aorta cannot regulate pulsation efficiently. Because of

; i . .~ experiments that estimated the arterial wall compliance have
aging and the changes of lifestyle in recent years, cardiac aaﬂg; been reported [9], [10]. These researches, however, dealt
cerebrovascular diseases caused by the degradation of vasctilar . e . ! !
erformance have tended to increase Wwith only stiffness, and did not provide sufficient analysis of
P Vascular properties are affected and.chan ed b anumbeV%?CUIar characteristics. Mascaro and Asadaal. reported
prop g Y {pe estimated values of mechanical impedance of the arterial

factors, which are roughly divided into organic and funct|on%va” from the velocity of blood flow and arterial caliber, but

changes. Organic change is mainly caused by aging, a”dgfé not discuss the accuracy [11]. Kati al. provided a

degeneration leads to many diseases. For instance, Cerevarl"é‘lcular model based on the Voigt model, which is suited for

infarction often results from becoming narrow arterial IumeHe‘Scribing vascular smooth muscle mechanics. and the vas

because of cerebral atherosclerosis. In contrast, functiona o . : . . .

. . . .. cUlar conditions were estimated using stiffness and viscosity
change is to be stiff the blood vessel by losing elasticit . S :
. . S . - 112]. However, this model does not consider inertia properties,
in which pulsation is not effectively absorbed. Quantitativ

: : nd the accuracy is not so good. Moreover, Murahara
evaluation for these changes of vascular properties may he . )

. . o al.” presented a cardiovascular system using a model based
useful for preventing disease and monitoring health.

) : L on hemodynamics, and estimated the changes of pressure
This paper introduces mechanical impedance as a quanti- L : :

L ) L aveforms in simulation [13]. Their model, however, had not
tative index of dynamic characteristics of the blood vesse\éY. . .

S o . . : en calibrated with real data.
Mechanical impedance, consisting of stiffness, viscosity, and
inertia, has been extensively used in models of biological
dynamic characteristics. For example, Mussa Ivaitlial. As the first step to estimating vascular mechanical properties
pioneered the measurement of human hand stiffness, ammh-invasively, the present paper proposes a method to express
examined the hand stiffness in a stable arm posture [2]. Alshe dynamic characteristics of the arterial wall using me-
Dolanet al. estimated not only hand stiffness but also viscositghanical impedance (i.e., stiffness, viscosity, and inertia) and
and inertia [3], and Tsujet al. measured impedances undeestimates the vascular conditions beat-to-beat. In the proposed
various conditions on the muscle contraction level, arm postureethod, the impedance parameters can be estimated from an
and motion direction [4], [5]. Oka modeled the hardness @lectrocardiogram, blood pressure, and plethysmogram by the
the skin surface using mechanical impedance [6]. Since tlirgear least-squares method.
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Il. IMPEDANCE MODEL OF ARTERIAL WALL External elastic  Internal elastic

membrane membrane

A. Arterial Wall Model

The anatomical structure of the arterial wall is depicted in
Fig. 1 [14]. The artery has high elasticity and is controlled
by the sympathetic nervous system and hormones such as
angiotensin Il through intervention stimulations [1].

The arterial wall is constructed in three layers: the tunica
adventitia, the tunica media, and the tunica intima. The
tunica adventitia contains a mechanical factor that affect
artery stiffness and compliance such as connective tissue,
elastin, and collagen. The tunica media consists of elastin,
collagen, and much smooth muscle, that is contracted by Fig. 1. Arterial wall[14]
stimulations of sympathetic nerves and hormones such as
norepinephrine and angiotensin Il, and it makes blood flow
down. The tunica intima consists of the vascular endothe-
lia that produce endothelium-derived vasoactive substances,
such as NO (nitric oxide) and EDHF (endothelium-derived
hyperpolarizing factor) [15]. Therefore, vascular contraction
or relaxation is controlled by smooth muscle in the tunica
media. The present paper models dynamic characteristics of
the arterial wall with mechanical impedance. The dynamic
characteristics of the arterial wall are analyzed by applying the
impedance estimation method of skeletal muscle considered
stiffness, viscosity, and inertia.

Tunica adventitia Tunica media Tunica intima

Fig. 2 illustrates the proposed impedance model of the Tissue
arterial wall. This model considers only the characteristics
of the arterial wall in the arbitrary radius direction. The Fig. 2. Arterial wall impedance model

impedance characteristic can be described using external force
and displacement of arterial wall as follows:
B. Plethysmogram

F(t) = Mi(t) + Br(t) + K(r(t) —re) (1)  The variation of blood flow by pulsation of the heart is
. . . _transmitted peripherally in the arteries and can be measured
V]\\?ieF(Ql'{S forc_e a{?p'y'.”g th_e; arte:jlaltyf\;all by blood ftl_owl, as a pulse wave. There are two types of the pulse waves:
t’ ; an d""fet inertia, V'f(.COS' Y, Ian't st n(;ass, relspetq ve Erf)hygmogram representing variations of pressure, and plethys-
ag )’r(ﬁ)’ an T(t') a}rg posi |don, \:e Otcr']y’ an ,I_s(?ce era |onl 0 ogram representing variations of volume.
e wall, respectively; and. denotes the equilibrium vascular o4 1 janote the intensity of incident light on a blood

radius When blood pressure is ZE€ro. The vascular dynar(}igssel with diameterD, and I, denote the intensity of
charactenstic at the imécan be derived as follows: light transmitted through the apex of the finger. According
to Lambert-Beer’s law [16], the following equation can be

dF(t) = Md’l“(t) + Bd’l‘(t) + Kd?"(t) (2) obtained [17]
where dr(t) = r(t) — r(to);di(t) = #(t) — #(to); di(t) =
7(t) — f'(rto); dF(rt) = Fr(t)o— Fr(to); aer to dgnootes :he start Ap =log(lo/Ip) = ECD (4)

time just at moving arterial walls. where Ap is the optical density that is proportional to the

To estimate the impedance parameters based on (2), ibghcentration of absorptive substan€eand the diameter of
necessary to measutg(t) and r(t). Assuming that blood 5 piood vesselD. E is the peculiar absorptive constant for

pressure and force are proportional for simplification, theych material. If the case that the caliber of a blood vessel

following equation can be obtained: D changesD + AD(t) and the light transmitted through the
apex of the finger becomds, — AI(¢), the variation of optical
F(t) = kpPy(t) (3) density AA(t) can be expressed as
where k; is a proportional constant, and(t) is blood
pressure. AA(t) = A(t)—Ap

On the other hand, the vascular radiys) is quite difficult
to be measured directly, so a plethysmogram is utilized instead
of r(t). The variation of optical densityAA(t) is defined as the

log(Ip/(Ip — AlI(t))) = ECAD(t). (5)
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plethysmogramP;(¢). In (5), AA(t) cannot be calculated Optical intensity /(2)
directly since the equation has an indefinite compoideithat o
relies on blood concentration. I
The method for estimating the variation of optical density b S AL
is explained in Fig. 3 [17]. In the figurdy and I; denote the :
intensity of transmitted light through the apex of the finger
in systolic and diastolic phases, respectively. The variation of
optical density in systolic and diastolic phasésd;(¢) and

Time

AA,4(t), can be given as follows [17]: <
A
21 44() Ads(0)
AAs;(t) = —log(l—AILt)/Ip) _q§ AKD)/ I
_ 2 = D
= ALWO/p + (ALE/ID) )2+ 1A |4, N4 (0) = -Tog(1- A1) /1)
+HAL()/Ip)" fn+ -+ 6 5 e
AAq ) = —log(1+ Aly(t)/Ip)
—Afd(t)/ID + (AId(t)/ID)2/2 4. Fig. 3. Conception of plethysmogram [17]

(=" N AL(t)/Ip)" /n+ - - )

where AL (t) = Ip — I,(t) and Aly(t) = I4(t) — Ip. It Substituting r,,(¢) in (11) into r(¢) in (2), the vascular
should be noted thahZ,(t) = 0 in the diastolic phase and dynamic characteristic can be derived from (2) as follows:
AT4(t) = 0 in the systolic phase. The variation of optical

density AA(t) can then be represented as follows [17]: dPy(t) = MdPl(t) + BdB(t) + f(dPl(t) (12)
where dP;(t) = Py(t) — Py(to), dPi(t) = Pi(t) — Pi(to),
AA(t) = AA(t) — AAq(t) dBi(t) = P(t) — P(to), anddPi(t) = Py(t) — Py(to). Also,
= AI(t)/Ip + (AT'(t)/Ip)*/2+ - - - the impedance parameters included in (12) are given as
+(AI'(t)/Ip)*™ /2n + - - - (8)
~ M
where AI(t) = AL (t) + Aly(t); AI'(t) = AL(t) — Al (t). M = i (13)
D

Since AI(t)/Ip and AI'(t)/Ip are small enough, the terms

higher than the second order can be omitted [17]. As a result, B = B (14)
the plethysmogram is expressed by kl}l;f
K = - (15)
pf
P(t) = AA(t) = log(Ip/(Ip — Al(t))) - .
Consequently, the impedance paramefdrsB, and K can
~ AI(t)/Ip. ©) quently P P =B

be estimated by measuring,(¢t) and P(t).

In this paper, it is assumed that(t) is proportional to the

. NN 1. IMPEDANCE ESTIMATION EXPERIMENTS
summation of the vascular radius in the measured part:

A. Experimental Method

A(t) = kpry(t) (20) Figure 4 describes the apparatus used in the experiment. The
i . . ) arterial pressure was measured through a catheter (24 gauge)
wherek;, is the proportional constant and(t) is the virtual paced in the left radial artery, and the plethysmogram was
vascular radius. Thus, from (5), (9), and (10), the virtugheasyred with the ipsilateral forefinger (BSS-9800, NIHON
vascular radius can be derived as follows: KOHDEN Co., Ltd).
Pi(t) + Ap The impedance parameters are estimated in the following
. ) (11) steps: ElectrocardiogranE(C'G(t)), arterial pressuref§(t)),

P and plethysmogramF;(t)) were sampled at 125 [Hz], and
were recorded simultaneously in a personal computer for off-
C. Impedance Model line analysis. The data were preprocessed and used to estimate

The force exerted on the arterial wall is expressed by tltee impedance parameters with the least squares method. In or-
arterial pressurd?(t) given by (3), and the virtual vascularder to ascertain the estimation accuracy, the proposed method
radius is represented by the plethysmograiit) in (11). was applied to endoscopic transthoracic sympathectomy to
The arterial wall impedance is then estimated udij@¢) and estimate impedance parameters, and hyperhidrosis patient’s
Pi(t). data were examined (Patient A). The data were measured

ry(t) =
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Fig. 4. (a) Experimental apparatus. (b) IBP is measured at transradial artery
of wrist using a catheter, and PLS is measured with the ipsilateral forefinger.

Fig. 5. Examples of the measured signals

after thirty minutes passed since the patient recovered from
the anesthetic state.

Fig. 5 presents an example of the measured data of patient
A. This figure plots the electrocardiogram, the arterial pre#icreased) when arterial pressure fell. In this paper, we esti-
sure, and the plethysmogram. Because the data were affedt@ed impedance parameters according to the arm position and
by some artifacts such as light and mechanical stimulatis@mpared the estimated stiffness with one by the conventional
on the patient'’s hand, the digital filter was used to regesearch to ascertain the accuracy of the proposed model.
ulate frequency characteristics of arterial pressure and theF_ .
plethysmogram. The arterial pressure is filtered out through 9. 6 shows an example of pllethysmogram. and arterial
a second-order IR low-pass filter (6 [Hz]) and a first_Ord%’ressure used for impedance estimation of Patient A, where

- : figures (a), (b), (c) and (d) represent the time histories
IIR high-pass filter (0.3 [Hz]), the plethysmogram through a e .
eighth-order FIR low-pass filter (15 [Hz]) and a first-ordeP". p'ethysmogra‘lm'dﬂét)-lVi'oc'ty of the p'ethysmogr?‘”l"
IIR high-pass filter (0.3 [Hz]). The arterial pressure and th%Pl(t>’ an accelerated plethysmogrami;(t), and arteria

plethysmogram were divided into some periods based on fgssured (1), respectively. The solid and dotted lines indi-
R-wave of ECG, and the timg is defined as the beginning ofcate the measured pressure and the estimated pressure obtained

the periodd P, (1)1 dP,(t)0 dBy(£)0 dB(t) of (12) were then by (12). We fguq(tjhfrt%m Fig. 6th§t vaZCLljlgr clh;racteristics can
calculated. As the data are extracted beat-to-beat, temp&glexpresse wi e proposed model in (12).

changes in impedance over time should be observable. Impedance parameters estimated with contribution ratio
over 0.9 are plotted in Fig. 7, where the shaded areas corre-

sponds to the states in which the arm was raised. The contribu-
We analyzed the response of the vascular smooth musgﬁ;,- ratio indicates whether the model can adequately describe

induced by changes of transmural pressure [18] to determigscylar characteristics. Significant changes were observed in
the change of the arterial wall impedance due to arm positiqie estimated impedance parameters. The stiffness decreases
Here, the arm position changes in a vertical direction, whifihen the arm is raised, inversely, the stiffness increases when
results in changes of the relative position between the fingghy, is lowered. Such events have been mentioned in the con-
and the heart. ventional research [19], [20], [21]. Although the contribution
The myogenic response, which is a peripheral mechaniggio pbecomes low because the data included noise when the

dependent on arm position change, has been investigated [12}, position was changed, the usefulness of the proposed
[20]. Bayliss reported that the tension in the vascular smoothydel is validated.

muscle was caused by a rise in the transmural pressure, and

the relaxation of the vascular smooth muscle was caused byig. 8 presents an example of Lissajou’s figure. The incli-
a fall in the transmural pressure [21]. It was previously comation of the figure gives an approximation of blood vessel
firmed that stiffness increased (compliance decreased) wtoempliance. It can be seen also that the data estimated from
arterial pressure rose, while stiffness decreased (compliammm@edance parameters agree well with the measured data.

B. Impedance Estimation Results
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Fig. 8. Lissajou’s figure using the proposed model

due to stimulation from sympathetic nerves, the palms
and armpits will perspire. In this operation, the sympa-
thetic nerve on the sides of the backbone is interrupted

£ & High r using a clip to stop the perspiration, and a blood vessel
<'§ Low become compliant. After that, strong stimulations are
002 not given in a general way. .
& L,W 2) Partial resection of the tongue cancer (Patient B)
s B WM M Various stimulations were given during operations, such
E o ‘\M\ W ia as electric knife.
~ 001 Fig. 9 (a) presents the change of estimated impedance
0.6 properties during endoscopic transthoracic sympathectomy for
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a contribution ratio exceeding 0.9. The sympathetic nerves
of the subject were interrupted by clip at the shaded areas.
The blood vessels gradually became stiff because a doctor

lated the patient’s tissues to find the sympathetic nerves.
the sympathetic nerves were interrupted, the blood ves-

sels became compliant. During the latter part of the operation,

ubject felt pain because the effect of anesthesia started

to wear off. The estimated vascular conditions corresponded
0 well with the operational events. The contribution ratio was
sometimes reduced because the measuring apparatus failed to
measure the data. The accuracy of impedance estimates was

ated by the contribution ratio.
. 9 (b) depicts the result of a partial resection of the

0.5 tongue cancer. The patient had a laryngoscope inserted at

0 100 200 300

Time [sec] 200[sec], and a tracheal tube at 500[sec]. Strong stimulations

were

Fig. 7. Estimated impedance parameters .
wall i

IV. IMPEDANCE MONITORING OF ARTERIAL
WALL Thi

given twice for 2000 to 3000[sec], and the effect of the

anesthesia wore off after 5000[sec]. The changes of arterial

mpedance corresponded with events in each subject.

V. CONCLUSION

s paper proposed a novel technique using mechanical

The conditions of a patient must be monitored during stimpedance for modeling the dynamic characteristics of the
gical operations to appropriately treat the patient with preciggterial wall, and a method for estimating vascular conditions
timing. The proposed method has the potential to applying tthaat-to-beat. The impedance parameters were estimated by
monitoring system for such vascular conditions. We therefofgndamental experiments during vertical movement of the

attempted to monitor changes of arterial wall impedance. arm,

and it has been shown that the changes of impedance

~ The proposed method is applied to monitoring thgarameters correspond to the changes of the arm position. The
impedance of the arterial wall in the following two kinds ofroposed method was then applied to the monitoring of arterial

surgical operations as follows. wall i

mpedance during surgical operations. The experiments

1) Endoscopic transthoracic sympathectomy for hyper- revealed that the changes of impedance corresponded with
hidrosis patients (Patient A)If a blood vessel contracts events during operations.
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Fig. 9. Impedance monitoring of arterial wall during operations
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