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Abstract

The validity and reliability of a new ambulatory impedance cardiogrédbCG) was tested against the Minnesota
Impedance CardiograglZ CG) during rest, orthostasis, and mental stress. Impedance cardiography allows noninvasive
assessment of stroke volume, cardiac output, and systolic time intervals. A reliable ambulatory device would allow
studies outside the lab. The devices were compared at two sites in healthy subjects. In both studies, the AZCG tracked
changes across conditions closely with the Z@EPeriodx Device interactions were nonsignificarPearsoms, were

.65 to .93, random intraclass correlation coefficients ranged from .80 to .98, indicating high degrees of shared
measurement variance, and Cronbach'’s alpha indicated very good internal reliab@ities .99. Relative to the ZCG,

the new AZCG appears to provide valid and reliable estimates of cardiac function at rest and during behavioral
challenges in the lab.

Descriptors: Impedance cardiography, Ambulatory monitoring, Cardiac output, Validity, Reliability.

Impedance cardiograpiZ CG) is a safe, noninvasive, and unob- in high-density data storage, rapid analogue-to-digital signal con-
trusive technique suitable for measuring cardiac function in psy~version, and amplifier miniaturization have made AZCG monitor-
chophysiological studiesWilson, Lovallo, & Pincomb, 1989 ing technically feasible. The authors have developed an AZCG and
With this method, a high-frequency alternating current is passedonducted two laboratory studies of its reliability and validity
along the thorax and recordings are made of impedance changegainst the Minnesota ZCG for measurements of SV, CO, HR, and
occurring in synchrony with respiration and ejection of blood into systolic time intervals.

the aortaLamberts, Visser, & Zijlstra, 1984These signals can be
used to determine heart rafeR) and systolic time intervals and,
with a suitable algorithm, to estimate stroke volut®/) and

cardiac outputCO) (Kubicek et al., 1974 ) _ Study 1 was conducted at the University of Oklahoma Health
The ZCG syst_em most widely used in research |s_the M'nn_esc’t%ciences Center, and Study 2 was carried out at The Ohio State

Impedance Cardiograph, Model 3048urcom, Inc., Minneapolis, jniyersity. The goal of each was to assess reliability and external

MN). Although such units are useful in static applications, there 'S\/alidity of the new AZCG against the standard Minnesota ZCG.

a need for a reliable and valid ambulatory impedance cardiograp{ye ,sed postural adjustment, mental arithmetic, and public speak-
(AZCG) that will permit research outside the laboratory. Advancesing as challenges because posture affects sympathetic outflow by

eliciting cardiovascular reflexeunlap & Pfeifer, 1989; Szabo,
1993, while mental arithmetic and public speaking typify psycho-
Paul A. Nakonezny is now at Department of Kinesiology, Health logical stressors frequently used in psychophysiol@gy., al’Absi
Promqtion, and _Re(;reation, Univer_sity _of North Texas, Dal'las. John M.et al., 1997; Cacioppo et al., 1998Because it is not possible to
Ernst is now at lllinois Wesleyan University. John Sollers, ll, is now at the perform simultaneous ZCG measurements on a given subject, the

National Institute on Aging, Baltimore. . d ivel ith . d bal d
These studies were supported by grants from the John D. and CatherifIts were tested successively with unit order counterbalance

T. MacArthur Foundation’s Research Network on Mind-Body Interactions, aCross subjects. An alternative to successive tests would be to
the National Institute on Alcohol and Alcohol Abusg32 AA07222, the  record parameters simultaneously via both units using the current
National Heart Lung and Blood Institut®01 HL32050), and the Medical imposed by one of therte.g., Willemsen, De Geus, Klaver, Van

Research Service of the Department of Veterans Affairs. .
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method was considered a less stringent test than the successiwhere rho(ohms centimetejss set to a constant value of 135; L

method used here. (in centimetersis the distance between recording electrodes; Z
(in ohms is basal thoracic impedance; LVEih milliseconds is
Apparatus the left ventricular ejection time; and ddt,x is in ohmysecond.

Impedance measurements were made via disposable, self-adhesi® (liters per minut¢ was calculated agHR-SV)/1,000.
aluminum coated bandfstrumentation for Medicine Inc., Green-

wich, CT) placed according to published guideling@herwood ~ EXternal Validity and Reliability . ,
et al., 1990 using the four-electrode method of Kubicek et al. External reliability of the AZCG was tested against the Minnesota

(1974. ZCG using analysis of variance techniques comparing absolute
differences between units as main effects of Unit and the ability of
the AZCG to track changes across conditions as reflected inUnit
Period interactions. The linear relationship between units was
tested using Pearsorrsacross all test periods and at each separate
period. The random effects intraclass correlation coefficignt

was used to measure the shared variance between units across the
six test periods independent of subject effects. Pearsoarsl p

can be interpreted as estimators of the between-unit effect size
(Shrout & Fleiss, 1979 The intraclass correlation coefficient
offers advantages over Pearson'®ecause it provides a single
index reflecting both rank order consistency and extent of agree-

Itis 4.5 9.5 x 16 cm, _vvelghlng 400 gm with ba_tterles. The ment between units, thus providing a stringent evaluation of ab-
analog subsystem comprises a three-lead Eahdwidth 0.05- solute reliability. Because SV is the unique cardiac parameter
100 H2 and a four-lead electrical impedance system, which pro- Y- d P

. estimated from ZCG, multiple regression controlling for unit order
vides a constant current sourmA RM.S ats0 .kHZ.tO the outer ._and baseline HR was used to test the relationship between units on
electrodeg1 and 4 and records thoracic electrical impedance via SV. Einally. internal reliability of each unit was assessed usin
the inner electrode& and 3. The acquired analogue impedance ~ y - Y . 9

. . . ) o . . Cronbach’s coefficient across test periods.
signal is appropriately filtered and amplified and differentiated to
produce signals for £(DC-100 H2, AZ (DC-40 H2, and dZ/dt
(DC-40 Hz. The ECG and ZCG each employ a digitally con- STUDY 1
trolled, sampled-signal rebalance method for waveform stability.

The digital subsystem provides A-D conversion of the above sig-MethOOI
nals using a Motorola MC68332-based microcomputer with aSubjects
12-bit A-D converter and 256 kB RAM. Digitized signals are Participants were 10 healthy men recruited from the community
stored on a 20 MB Flash Caf@CMCIA), allowing 30 min of data  who met the following criteria: ages 21 to 35 years, resting blood
acquisition at the 500 Hz A-D rate. Programming during set up,pressurdBP) < 140/90 mmHg, weight within 20% of Metropol-
signal monitoring, and uploading of data are accomplished usingtan Life Insurance Company norms for height, smokedO
standard communication software through digital injputput con-  cigarettes per day, consumed? drinks of alcohol per day, had
nectors and a serial interface to a microcomputer system. self-reported good health, used no prescription medications, and
Ambulatory data acquisition is controlled using an onboardhad no treatment for hypertension or other major illness. The final
programmable protocol manager. User selectable protocol paransample had: Age= 24.7 yearst 2.0, weight= 172 lbs+ 28.2,,
eters include A-D sampling ratd00—-1000 H¥, analog channel height = 70.6 in. £ 3.3, SBP= 118 mmHg+ 7.0, DBP =
selection, and timed or triggered initiation of recording epochs.64 mmHg+ 4.2 and HR= 62 bpm= 8. Participants signed a
Time between epochs and epoch durations may be set indepepensent form approved by the Institutional Review Board of the
dently across acquisition periods according to the study protocolUniversity of Oklahoma Health Sciences Center and the Oklahoma
Triggered epochs may be initiated by the subject using a push€ity Veterans Affairs Medical Center and were paid for participating.
button switch or controlled using an external device. For example,
the AZCG system used in Study 1 was configured with a 50 TorrProcedure
pressure-sense switch to allow simultaneous AZCG data acquisf!! test sessions were held in the afternoon. Subjects abstained
tion initiated with inflation of an ambulatory blood pressure cuff. from food and caffeinated beverages for 2 hr, alcohol for 12 hr, and
tobacco for 4 hr before entering the laboratory. The 50-min pro-
Dependent Variables tocol, repeated for each unit, included: supine basefisemin),

The dependent variables were HR, SV, CO, preejection perioditting upright(S min), orthostasig5 min), sitting recoverys min),
(PEP, and left ventricular ejection tim@VET). HR (in beats per ~Mental arithmetid5 min), and supine recoveril5 min.
minute) was calculated from the time between successive QRS

complexes of the ECG. PEm milliseconds was measured as the
interval from the initial upsweep of the QRS complex and th
dz/dt B-point (Sherwood et al., 1990LVET (in milliseconds
was measured as the interval from the B-point to the X-point of th
dZ/dt (Sherwood et al., 1990SV (in milliliters per minute was
calculated using the Kubicek et &all974 equation:

Minnesota ZCG.The reference unit was a Minnesota Imped-
ance Cardiograph, Model 304Burcom, Inc., Minneapolis, MN
This ha a 4 mAconstant current source with a 100 kHz oscillator
and produces analog outputs for basal thoracic impedéngke
cardiac and respiratory linked change in impedaie®), and the
first derivative ofAZ (dZ/dt) (Kubicek et al., 1974

AZCG.The AZCG is a wearable, untethered unit designed for
noninvasive acquisition of physiological data during daily activity.

Tasks. During orthostasis, the subject arose from his seated
eposition and stood quietly with his arms relaxed by his side.
Mental arithmetic calculations involved continuous subtraction as
edescribed elsewher@l’Absi et al., 1997, with notification of
errors by the experimenter.

Apparatus
BP was measured using an automated oscillometric mo(iidr
SV = rho(L/Z)?(LVET )(dZ/dOmax namapg™, Critikon, Tampa, FlL Cardiac functions were measured
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by the Minnesota Impedance Cardiograph and the new AZCG, andnd Period and the Unix Period interaction independent of the
signal quality was verified by oscilloscope. The same electrodesontrol variables. The effect of Unit was based on the omnibus
were used for both units. In attaching the cables, the ends of eadlest and the effect of Period and the UriPeriod interaction were
adhesive band electrode were brought into contact and terminatdzhsed on thé- test corresponding to the Hotelling-Lawley trace
using a disposable pregelled MgCl spot electrodéCleartracé™, statistic.

ConMed, Utica, NY. Snap leads were attached to the spot elec- Because units were tested in succession, it was recognized that
trodes and connected to the unit’s input cabigbert, Eckberg,  Unit effects could arise that were not due to a true unit difference.
Vetrovic, & Cowley, 1984; Wilson, Lovallo et al., 1989The Preliminary analyses showed that AZCG HRs averaged 4 bpm
electrocardiograniECG) was recorded from Cleartrace electrodes higher across periods than the reference unit. We reasoned that this
in a three-lead configuration: left shoulder, right shoulder, andreflected measurement discrepancy, and for this reason, HR at

lower left abdomen. seated baseline as well as unit order were entered as between-
subjects control variablésin each MANOVA model, with the
Signal Derivation and Scoring exception that baseline HR was not included as a covariate in the

Analogue % and AZ signals from the Minnesota ZCG and the HR MANOVA model.
source ECG were processed through an external inte(f&oed-
wide Medical Data, Durham, NG digitized at 500 Hz and stored
on a microcomputer disk drive.qZAZ, and ECG signals from the Results
AZCG were internally digitized at 500 Hz and stored until being . .
uploaded to a computer using standard communication softwar Comparison of Units

ploc P 9 ) . Feans and standard errors for the units at the 6 test periods are

5'9”‘?" processing anq scoring were accomplished off-hpe forreported in Table 1. Relative to the Minnesota unit, the AZCG
both units with commercial softwar@Vaveshell, Center for Bio- roduced HRs that averaged 4 bpm higher across beriods After
medical Engineering, Research Triangle Institute, Research Triar{2 : . . ) e
. . S controlling for unit order, the main effect of Unit was nonsignifi

gle Park, NQ. First, the dZdt was derived from the digitizeAZ cant for HR,F(1,16 = 0.95,p = .35 After controlling for unit
signal using Waveshell.Next, individual cardiac cycles were o o )

. . ) order and baseline HR, there were no significant Unit main effects
displayed and accepted or rejected by Waveshell according tPor SV, CO, PEP, or LVETFs(1,15 < 0.28,ps > .60

qualification parameters based on an experimenter-chosen tem- On the other hand, the behavioral manipulations led to signif-

plate of the .SUbJeCtS own waveform morphologies. ThediZZ,, . icant changes across periods measured by both units. The MANOVA
and ECG signals were then subjected to ensemble averaging In L . _
successive 1-min epochs across each period of the protocol Du?(_evealed significant period effects for HR(5,12 = 18.38,p <
) . poct 1P P _ ' ~7.0001, and for SV, CO, and PEPs(5,11) > 3.77,ps < .03, and
ing averaging, successive ECG cardiac cycles were entrained tac\) trend for LVET,F(5,1) = 2.71, p = .07. The units were
the Q wave of the ECG QRS complex. The software then dis- ' ' L

played the ensemble average with cursors placed according substantially comparable in tracking changes across periods. The
. ) " NMANOVA revealed no significant Unit< Period interactions for
appropriate algorithms to denote the onset of electromechanlcril_IR F(5,12 = 0.55,p = .74, or for SV, CO, PEP, and LVET,
systole, the opening of the aortic valve, peak of/dZ and aortic Fs(,5 ll)l< 188 -ps > 18. ’ ' ' ’ ’
valve closure. Previous research supports the validity of ensemble™ ™’ Y o
averaging against manual scoring of waveforfgBserson, Lov-
allo, Pincomb, Kizakevich, & Wilson, 1991; Kelsey & Guethlein,
1990 and computer quality control against operator scofigjsey
et al., 1998.

Crossinstrument Agreement

Pearson’s r.Pearson’s correlations revealed a significant linear
relationship between units on HR, SV, CO, PEP, and LVET col-
lapsing across all six periodsee Table 2 The correlations at each
Data Reduction and Analysis period were also significant and consistently high. For this analy-

Parameters derived from ensemble averages were averaged wittils: P€arson’s (which is equivalent to the standardized regression

each of their six respective protocol periods. The primary analysi$C€fficient can be considered the effect size estimator associated

was a 2 Unit(Minnesota, AZCG X 6 Period (supine, sitting, with the degree of relation between the two units.

orthostasis, sitting, mental arithmetic, supirsplit-plot repeated

measures multivariate analysis of varianddANOVA ), where Intraclass correlation coefficientThe intraclass correlation

Unit is a between-subjects factor and Period is a within-subject§0efficients of agreement between units on each outcome measure

factor. A separate MANOVA was conducted on each dependen®cross the 6 test periods were consistently hjgh:= .65 to .93

variable. The design allowed us to assess the main effects of UnitTable 2. The intraclass correlation estimates the effect size of the
magnitude of the agreement between the two units.

1n the case of both the Minnesota ZCG and the AZCG, the user has the : ; ; ;
option of scoring the dZdt output signal itself or deriving d&it from AZ Multiple regressionMultiple regression revealed that SV from

off-line. The internal dZdt signal of the AZCG was designed for signal the Minnesota ZCG had a significant positive relation to SV from
verification only and has an 11-ms phase delay due to filter design. Whethe AZCG when unit test order and baseline HR were controlled,
this internal dZdt signal is used for analysis, the PEP will be artificially
lengthened by 11 ms. Accordingly, PEP values should be corrected by that
amount. No other parameters are affected. However, there is no phase delay 2A simple linear regression revealed a significant relation between
with signal processing and scoring accomplished off-line with the Waveshelbaseline HR and SV, CO, and LVET, respectively, for both devices at each
software(Waveshell, Center for Biomedical Engineering, Research Trian-separate test perios(1,8 > 5.76,ps < .04. No significant relationship

gle Institute, Research Triangle Park, N@s was used in Study 1. Because was found, however, between baseline HR and PEP at any pesddg) <
Study 2 used the AZCG internal ddt, the 11-ms phase delay was present .97, ps > .35 (although, given the sensitivity of PEP to ventricular loading
and corrected for in those data. Also, as noted, the signal quality of theffects, no such relationships were expegtdthis supports an assumption
internal dZ/dt is lower than that of a signal derived off-line using appro- of linearity between HR and the physiologic outcome variables in the
priate software. MANOVA models.
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Table 1. Study 1: Means and Standard Errors of the Means of Cardiovascular Variables and MANOVA Results

Supine Sitting Standing Recovery MA Recovery  F(p) from MANOVA
Variable ZCG AZCG ZCG AzZCG ZCG AZCG ZCG AZCG ZCG AzZCG zZCG AZCG Unit Per >UP
HR (bpm) 63 65 65 67 77 83 62 65 69 73 62 67 0.95 18.38 0.55
2.7 3.0 25 2.8 25 3.1 2.4 2.6 2.8 2.9 2.8 25(.35 (.00) (.79
SV (mL) 102 96 92 90 70 61 97 93 86 81 97 90 0.28 10.85 0.22

7.2 7.2 7.5 7.5 6.5 6.6 8.5 8.5 7.7 7.7 7.4 7.4(.60 (.00 (.99

CO (L/min) 6.27 5.83 5.84 5.68 5.29 4.91 5.92 5.70 5.78 5.72 5.91 5.81 0.16 3.77 1.88
0.38 0.39 0.42 0.42 0.43 0.43 0.44 0.44 0.40 0.40 0.38 0.889 (.03 (.17

91 1

PEP(ms 114 113 115 115 124 128 118 114 121 114 116 115 005 3. 28
6.8 6.8 6.4 6.4 5.9 5.9 5.6 5.7 5.6 5.7 6.4 6.4(.83 (02 (.33
LVET (ms 286 288 275 281 248 237 279 286 270 274 287 290 008 271  0.48

6.3 6.4 5.7 5.8 9.0 9.0 4.4 4.4 6.3 6.4 7.7 7.8(.78  (.07) (.78

Note: M = least squares means adjusted for baseline heart rate and unit testHtiRdereans adjusted only for unit ordeZCG = the Minnesota
Impedance Cardiograph Model 304B; AZG&Ambulatory Impedance Cardiograph. HRheart rate; S\= stroke volume; CG= cardiac output;
PEP= preejection period; LVET= left ventricular ejection time. Uni& main effect of ambulatory versus bedside unit collapsing across periods;
Per= main effect of period; UX P = Unit X Period interaction.

R? = .96, 8 = .979,t(16) = 11.32,p < .0001. A scatter plot is ogy Research Experience Program at The Ohio State University.

shown in Figure 1. Inclusion criteria were: no self-reported current acute illness or
history of chronic illness, low to moderate alcohol consumption,
Internal Reliability no needle, math, or speech phobias, body weight within 20% of

Internal reliability estimates using Cronbach’s coefficiantvere  ideal, and no current or chronic use of medicinal or recreational
very high and comparable for both unitss = .91 to .99 for the  drugs, excluding birth control pills. In addition to course credit,

Minnesota unit and from .93 to .99 for the AZCGGee Table B participants received a sack dinner following participation. All
participants signed an informed consent form approved by the

Institutional Review Board of the Ohio State University.

STUDY 2
Procedure
Method Participants fasted for 4 hr prior to arrival at the General Clinical
Research Center in The Ohio State University Hospital. The pro-
Subjects tocol included: adaptatiofl0 min and orthostasi¢11 min) fol-

Participants were 12 healthy undergraduates, 6 men and 6 woméowed by nonsocial spee¢B min), social speeckB min), standard
(mean age= 20.0 yearsSEM = 0.52 years, range 18-24 years speech(4 min), and verbal mental arithmetic taské min) in a
who participated for course credit under the Introductory Psycholtrandom order for each participant, each preceded by 5 min of

Table 2. Study 1: Pearson and Intraclass Correlation Coefficients
Between ZCG and AZCG

All conditions

Variable Supine Sitting Standing Recovery MA Supine r p

HR .85 .81 .62 .89 .83 .80 .88 .73
(.002 (.009 (.05 (.0006 (.003 (.005 (.0008

SV .98 .98 .97 .99 .97 .88 .98 .90
(.0009) (.0009) (.0007) (.0009) (.0009) (.0007) (.0009)

CcoO .94 91 .94 .95 .90 .87 .94 .93
(.0009) (.0002 (.0007) (.0009) (.0009 (.0009 (.0009)

PEP .84 91 .88 .83 .80 .89 .90 .82
(.002 (.0003 (.0008 (.003 (.005H (.0006 (.0003

LVET .70 .68 .59 .92 .75 .52 .80 .65
(.02 (.03 (.07 (.0002 (.01 (.13 (.005

Note: Entries show Pearsonfsand (p value. Right column gives intraclass correlation coefficient
(p). ZCG = the Minnesota Impedance Cardiograph Model 304B; AZE@mbulatory Impedance
Cardiograph. MA= mental arithmeticy = Pearson's; p = Intraclass Correlation Coefficient; HR
heart rate(bpm); SV = stroke volumemL); CO = cardiac outpufL /min); PEP= preejection period
(ms); LVET = left ventricular ejection timéms).
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Social speechParticipants prepare¢? min) and delivered

200 (2 min) two speeches on social topics: “Why | am a good friend”

180 and “Telephoning someone for a first date,” again imagining that
they were talking on the telephone.

160

Standard speechRarticipants preparg@ min) and gave2 min)
a speech imagining that they were falsely accused of stealing a belt
in a department store and were defending themselves to the store
managerSaab, Matthews, Stoney, & McDonald, 1989

e
H
(=]

-
N
o

Mental arithmetic.Mental arithmetic(4 min) consisted of se-

AZCG Stroke Volume
°
(=)

I N AT WA TS AN N e W N |

80
rial subtractions from a three-digit number by steps of three as
60 described elsewher&acioppo et al., 1995
40
Apparatus
20 The ECG was collected by the Colin Vital Signs Monitanodel
- BP-508 for all minutes using the lead Il configuration with three
o ' disposable AgAgCI electrodeg Protrace 911Band by the AZCG

O 20 40 60 80 100 120 140 160 180 200 using an additional three disposable/AgCl electrodes arranged,
also, in the lead Il configuration. Cardiac functions were measured
ZCG Stroke Volume by the Minnesota Impedance Cardiograph and the new AZCG.
Figure 1. Scatter plot with 95% confidence limits of 60 estimates of stroke
volume by the Minnesota ZCG and the ambulatory AZCG, recorded ffomSignaI Derivation and Scoring
10 su_bjects _tested under six _conditions of rest and_behavioral challeng@ata were recorded during the last 4 min of each rest period and
following adjustment for baseline heart rate and device order. during each minute of each task. Each unit was used to record half
the minutes in each recording epoch with unit order counter-
balanced across subjects. This called for a single set of electrodes

. . with two sets of leads and electrode cables that were alternately
seated rest. Afterward, subjects were debriefed, thanked for the{f, | gged and plugged back in to their respective units. Signals

participation, and given a sack dinner. from both units were acquired, extracted, and digitized using
software developed by The Ohio State University Social Neuro-
Tasks science LaboratoryThe ANS Suite, version 5.2.1(see footnote

Orthostasis.After sitting quietly for 3 min, participants stood 1) yielding measures of SV, CO, PEP, LVET, HRitvack, Lo-
for 5 min and then sat for an additional 3 min. Cardiovascularzane, Ernst, Berntson, & Cacioppo, 199Buring extraction, the
measures were collected continuously during the last 2 min, 4 mingcG and dzdt signals were decimated to 500 Hz, whereas the Z
and 2 min of the respective periods. signal was decimated at 250 Hz.
Waveforms were edited for artifacts, beat-to-beat ensemble
Nonsocial speectParticipants preparé@ min) and gavé2 min)  averages were formed based on the R-wave of the ECG, and these
speeches on two nonsocial topics: “What | saw on my way to Myyvere averaged over 1-min epoctiéelsey & Guethlein, 1990
first class of the week” and “Demographic information about Determination of systolic time intervals was done automatically by
myself,” while imagining that they were talking on the telephone. detection algorithms in the scoring program followed by visual
For all speech tasks, participants were told that their speeches wejigspection and adjustment when necessary.
being audiotaped for further evaluation. A heart period time series was created from the interbeat inter-
val series using a weighted beat algorithm described elsewhere
(Berntson, Quigley, Jang, & Boysen, 1998harp transitions in the
time series reflecting artifacts were detected using an algorithm and

Table 3. Study 1: Cronbach’s Coefficient Alphas for ZCG removed by smoothing.itvack, Oberlander, Carney, & Saul, 1995

and AZCG Units on Each Cardiovascular Variable It was found that the filters in the AZCG prototype, for Study 2,

Across Test Periods introduced a phase lag between the ECG antdbut not theAZ,
analog outputgsee footnote 11 The phase shift artificially length-

Variable ZCG AZCG  ened AZCG estimates of PEP by approximately 11 ms relative to

HR 94 94 the Minnesota ZCG. Therefore, in Study 2, the PEP from the AZCG

sV 98 98 was corrected by subtracting 11 ms.

CO .99 .99

PEP .95 .97 ; ;

LVET o 53 Data Reduction and Analysis

Parameters were derived for every minute of each task and rest pe-
riod and then averaged. Simple change sctiesk minus regtvere

Note: A higher Cronbach’s coefficient indicates greater internal relia- computed for each minute of each period, with paired minutes used
bility across test periods. ZC& the Minnesota Impedance Cardiograph . ; - .

Model 304B; AZCG= Ambulatory Impedance Cardiograph. HRheart _to represent each u_nlt.. HR, mc_aasure_d by the Colin Vital Slgn§ Mon-
rate; SV= stroke volume; CO= cardiac output; PEP- preejection itor, was used to eliminate paired minutes from the ZCG units that

period; LVET = left ventricular ejection time. differed by 10 bpm or more in order to minimize arbitrary minute-
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Table 4. Study 2: Cardiovascular Variables across AZCG and ZCG

Orthostatic domain Psychological domain
Sit Stand Rest Task
Variable AZCG ZCG AZCG ZCG AZCG ZCG AZCG ZCG
HR 70 70 85 84 71 71 80 79
(3.3 (3.5 (3.0 (3.3 (3.9 (3.7 (3.6) (3.6
PEP 134 133 143 141 129 127 123 122
(4.5 4.2) (4.4 (4.4) (4.2 (4.2 (4.4 3.9
LVET 253 255 215 217 259 262 253 254
(5.4 (5.9 (4.3 (4.2 (6.9 (7.3 (6.4 (6.4
SV 100 108 68 70 104 111 99 102
(9.9 (11.0 (6.1 (5.9 (10.6 (11.3 (10.5 (10.1)
CcO 6.73 6.89 5.58 5.72 7.06 7.41 7.53 7.73
(0.40 (0.39 (0.36 (0.29 (0.45 (0.47) (0.5) (0.52
Zo 25.14 24.46 26.82 26.06 25.00 24.32 24.91 24.22
(1.29 (1.27 (2.30 (1.27 (1.29 (1.28 (1.28 (1.29

Note: Entries show meafSEM). ZCG = Minnesota Impedance Cardiograph; AZGGAmbulatory Impedance Cardiograph;
HR = heart rate(bpm); PEP= preejection period; LVEF left-ventricular ejection timéms); SV = stroke volume(mL); CO =
cardiac outputL /min); Zo = basal thoracic impedandehms.

to-minute error inherent in the test design. This eliminated 7.3% oResults
the total minutes. .

To determine whether measurements were similar for the Azc@ Sychological Stressors
and ZCG, a 2 DevicdAZCG, ZCG X 2 Period (rest, task Comparison of Devices o
repeated measures MANOVA was used. A separate MANOVA was_ C€ll means and standard errors for the MANOVA are given in
conducted for the orthostatic and psychological stressors on eaciiole 4. The psychological stressors resulted in increased HR,
measure. This design allowed us to assess the main effects 5110 = 36.98,p < .001, and COF(1,1) = 7.52,p = .019,
Device and Period and the DevisePeriod interaction. Pearson's With decreasesin PEP(1,11) =17.21p=.002, LVET,F(1,1]) =
r andp were computed between devices at each rest period, tasko-0>P < :001, SVF(1,11) = 18.87,p=.001, and %, F (1,11 =
period, and change score and internal reliabilities were assess 4,p = '0_34' ) o _ )
using Cronbach's for the orthostatic stressor and the psycholog- _ Comparison of the devices revealed significant Device main

ical stressors. effects for LVET, SV, CO, and ¢ Fs(1,11) = 7.90,ps < .02. Z,

Results

Orthostatic Stressor Table 5. Study 2: Pearson’s and Intraclass Correlation
Comparison of Devices Coefficients between AZCG and ZCG for Orthostatic

Data from Study 2 are shown in Table 4. Orthostasis led to theand Psychological Domains
expected changes, including increased HR, PEP, gnid(1,11) =
31.48,ps < .001; and decreased LVET, SV, and Ogx(1,11) =  Domains HR PEP LVET SV CO &
42.32,ps < .001.

The devices were not different in their estimates of SV, CO, or

Orthostatic Domain

Pearsorr

HR, Fs(1,11) = 3.62,ps > .09. However, the AZCG gave larger Sit Q9% QOFF  QOFk  ggrk  Q7*k  QOr*
values for PEP and £than the Minnesota ZCG, whereas LVET Stand 98%F 99 Q7 Qg ggrk Qgr
was smallerFs(1,11) = 7.93 to 9.01ps = .02. The MANOVA Im?;cfllggsecorrelaﬁons B8 .94 .95 .04 .86™ .93
revealed no significant Devicg Period interactions for & SV, Sit 9O%* QO QQR QAR QT ggwk
CO, PEP, LVET, or HRFS(l,l:D < 1.85,p$ > .20. Stand QO**x  QQ**  Q8k*  QQrx g7k Q@WK

Change Q3% Q1% 9**  83* .67*  .96**

Crossinstrument Agreement Psychological Domain

Pearson’s r. Correlations between devices were consistently P&arsor

. L . . Rest .98**  .98** .98** .99** QO**  QQ**
large during both sitting and standing, as were correlations for the T;:k O5* Q@ Qg QO Qgrk Qg
change scoregTable 5. Change 80** .84  62*  B1* 73%* G4*

Intraclass correlations
Intraclass correlation coefficientlntraclass correlations were Rest 99 -99:: 99 .99m -98:: 99
also large for sitting and standirigps > .94, ps < .005), as well gisaknge '%%** '%%** '%%* .9598* '937* '935*
as for change scordg = .67 to .96,ps < .05 (Table 5. ' ' ' ' ' ’
Internal Reliability Note: ZCG = Minnesota Impedance Cardiograph; AZGGAmbulatory

, c S - . Impedance Cardiograph; HR heart rate; PER- preejection period;
Cronbach’s coefficient revealed high internal consistency in |\ e1 — \Stventricular ejection time; SV stroke volume: CO=

the orthostatic domain for both devicess = .91 to .99 for the  cardiac output; Z = basal thoracic impedance.
Minnesota ZCG and .96 to .99 for the AZCGable 6. *p < .05, one-tailed. ** p< .01, one-tailed.
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Table 6. Study 2: Cronbach’s Coefficient Alphas for AZCG signal from the AZCG used in Study 2 was noisier than the
and ZCG on Each Cardiovascular Variable comparable Minnesota ZCG signal, affecting the resolution of
variables depending on landmarks taken from this signal. The

AZCG ZCG device difference in PEP orthostasis, although significant, reflects

a difference of less than one pixel in the placement of the B-point

Variable Ortho Psychol Ortho Psychol using our detection algorithm, and probably reflects the difficulty
HR 98 97 99 98 in detecting the proper point in the AZCG dédt signal. The same
PEP .98 .95 .98 .94 problem would be expected in placing the X-point, and this was
LVET -96 99 95 -99 the case for LVET during both orthostasis and psychological tasks.
SV 97 99 91 99 The magnitude of these effects was quite small, however, and did
CO .99 .99 .98 .99 . . o . .
Zo 99 99 99 99 not interact with conditions. Thus, although some variables dif-

fered in absolute levels, the AZCG faithfully tracked changes
across conditions.
Additionally, Study 2 found a greater,®f about 0.7 ohms for

Note: Ortho = Orthostatic stress; Psychsl Psychological stress;
AZCG = Ambulatory Impedance Cardiograph; ZG&Minnesota Im-

pedance Cardiograph; HR heart rate; PEP- preejection period; the AZCG during both stressors, suggesting a small calibration
LVET = left-ventricular ejection time; S\+ stroke volume; CC= difference. The greater¢Zin turn, produced smaller stress values
cardiac output; = basal thoracic impedance. for SV and CO. Correction of this calibration difference should

mitigate these differences in SV and CO. Again, the absence of
Period X Device interactions suggests little discrepancy in the

ability of the AZCG to track across conditions relative to the
values were larger for the AZCG than for the Minnesota ZCG, Minnesota ZCG.

whereas values for LVET, SV, and CO were smaller. The devices Reliability refers to measurement error reflected in variation
did not differ for HR,F(1,11) = 3.8,p = .08, or PEPF(1,1) =  over replications of the same operatiof@liff, 1993). Internal
1.97,p = .19. The MANOVA, however, revealed no significant reliability of the AZCG was estimated using Cronbach’s coeffi-
Device X Period interactions for S\F(1,11) = 3.73,p = .08, or  cjenta, and crossinstrument reliability was estimated by Pearson’s

for CO, Z,, PEP, LVET, or HRFs(1,1]) = 1.63,ps > .22. r (Shrout & Fleiss, 1979 Cronbach’'sas were very high in both
_ studies for both devices, with the internal reliability of the AZCG
Crossinstrument Agreement being equal to or greater than that of the Minnesota ZCG. The

Pearson's r. The correlations were high and statistically sig- pearsorrs as well as the intraclass correlations indicate a high
nificant for all six measures during rest and task peridd®le 5.  degree of crossinstrument reliability. The similarity of results from
For the change scores, correlations for were high for HR, PEP, angoth laboratories is noteworthy given differences in subject sam-
CO and moderate for LVET, SV, and,Z ples, experimental protocols, and signal processing procedures.

Together, the results of both studies indicate that crossinstrument

Intraclass correlation coefficientThe intraclass correlation reliability of the AZCG is excellent relative to the Minnesota ZCG.
coefficients were highps > .98, ps < .005, for all measures The present data may be contrasted with those reported using
during both rest and taskSable 5. Change scores had moderate- another ambulatory ZCG device, the VU-AMMVillemsen et al.,
to-large valuesps = .58 to .90,ps < .05. 1996. The VU-AMD was compared with a Nihon Koden bedside

monitor across several behavioral conditions with signals derived

Internal Reliability simultaneously from a four-spot electrode system using the current

Cronbach’'szs revealed very high internal reliability during the source from the bedside device. Although crossinstrument Pearson
psychological tasks for both deviceas = .94 to .99 for the r values were acceptably high75-.86 for SV, the absolute
Minnesota ZCG and .95 to .99 for the AZQGable 6. values for SV and CO from the VU-AMD differed significantly.
The VU-AMD device used an A-D conversion rate of 250 Hz and
the dz/dt signal was generated directly from the rA% signal. In
the present study, signals were digitized off-line at 500 Hz. The use
The two studies examined reliability and validity of a new AZCG of band electrodes with the new ambulatory device needs to be
against the Minnesota ZCG for the measurements of SV, CO, HRevaluated for esthetic acceptability in the ambulatory environment,
PEP, LVET, and 3. We examined the validity of the AZCG by as the upper band electrode is difficult to cover with normal
performing successive measurements with both devices, using theothing.

Minnesota ZCG as the reference device. In Study 1, estimates of The validity and reliability of the AZCG is only as good as its
cardiac function generated using the AZCG were nearly identicateference method. The validity and reliability of the Minnesota
to those produced by the Minnesota ZCG after controlling fordevice has been established previously by comparing its estimates
device test order and baseline HR. The AZCG and Minnesota ZC®f SV, CO, and systolic time intervals with those obtained by
tracked changes nearly identically across behavioral conditionsnvasive and noninvasive reference methdds., Ebert et al.,
suggesting that measurements of HR, SV, CO, PEP, and LVET984; Muzi et al., 1985; Wilson, Sung, Pincomb, & Lovallo,
using the AZCG are valid as referenced to the Minnesota ZCG. 1989. The reliability of the Minnesota ZCG to track cardiac

Study 2 obtained similar results with minor between-devicefunction within and between sessions is considered excelRint
differences. The AZCG values were similar to those of the Min-comb et al., 1985; Sherwood et al., 1998 1998 Medline search
nesota ZCG for HR, SV, and CO during orthostasis, and of PERf papers that addressed the validity of impedance cardiography
and HR during the psychological tasks. However, the deviceyielded 44 articles, and of these, 26 concluded that ZCG correlated
differed during orthostasis in PEP, LVET, and, And during  well with the SV andor CO measurements obtained by indicator
psychological tasks in SV, CO, LVET, and,ZThe internal dZdt dilution, echocardiography, or the Fick meth@@earsorrs often

General Discussion
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exceeding .8R Nevertheless, ZCG estimates of SV and CO areThis power evaluation, therefore, mitigates concern about false
considered by some to be poor in research or clinical practicelata of a Type Il error. Although the small sample sizes may leave
(Jensen, Yakimets, & Teo, 1999n contrast to this view, a meta- lingering concerns about statistical power, the comparable findings
analysis found ZCG estimates of CO to be moderately good irof the two studies lend further credence to our conclusion that the
healthy persons or in patients not in intensive care, with Peaisson new AZCG performs the same as the standard Minnesota device.
of .82, .83, and .80 for thermodilution, dye dilution, and Fick, The exclusive use of males in the sample for Study 1 may
respectively Fuller, 1992. In general, such evaluations have found decrease the generalizability of the results. Men and women differ
greater agreement between ZCG estimates and an external stan-cardiovascular reactivity to short-term behavioral stres@gg,
dard when group data are being compared, and have found lowésirdler, Turner, Sherwood, & Light, 1990; Lash, Gillespie, Eisler,
levels of agreement when individual data are the device of analy& Southard, 1991; Lawler, Wilcox, & Anderson, 1995; Saab,
sis. This suggests that ZCG is presently better suited to researd®89, and the sample used in Study 1 may not be adequate to draw
applications on grouped data than to clinical applications whereonclusions regarding women. Although Study 2 used both male
absolute values for individual patients may be desired. and female subjects, additional work needs to be done to replicate
The use of successive comparisons between devices may prand extend the generalizability of the results, especially to the
vide some insight into the performance of the AZCG. Because weelderly and children. In addition, application of ZCG is generally
tested the devices successively rather than simultaneously, wess complex in healthy, nonobese males and females that consti-
recognized that an inevitable degree of measurement error mayted the present samples. Therefore, the present results should not
have occurred that was not due to a true difference betweehe generalized to other groups without further tests. Additional
devices. Using HR as the benchmark for correcting this source o$tudies employing more heterogeneous subject samples as well as
error in Study 1, we found that the devices agreed well in absolut®ther tasks that elicit differing patterns of hemodynamic reactivity
estimates of the cardiovascular parameters of interest and trackéd.g., movement tasksvould strengthen the generalizability of the
comparably across conditions. Although successive measuremertarrent findings for the AZCG.
may have allowed the participants to become less anxious with The ultimate use of the AZCG is to obtain cardiac activity data
repetition of the protocol, the data indicate very similar responsesutside the laboratory. The present laboratory-based test was a
across repetitions. necessary first step in the validation process. Future studies will be
Our use of small samples in both studies could call into quesneeded to establish the AZCG’s limits in a truly ambulatory
tion our conclusion that the devices are comparable, because ttevironment.
likelihood of making an incorrect no-difference conclusidype In conclusion, the AZCG seems to be valid and reliable for
Il error) increases when sample size andre both smal{Cook & measuring stroke volume, cardiac output, heart rate, and systolic
Campbell, 1978 To address this concern, we carried out a powertime intervals at rest and during behavioral challenge. The findings
analysis using the Pearson-Hartley power ch@®earson & Hart-  from the current studies indicate that in the laboratory, the AZCG
ley, 1951. With an« of .05, 10 subjects per cell, and a medium- performs as well as the standard Minnesota Impedance Cardio-
to-large effect size of at least .75, statistical power of the design fograph Model 304B. Additional studies are needed to establish how
Study 1 was at least .96Cohen, 1988 When the effect size well the AZCG performs in the field. This new ambulatory tho-
estimate was reduced to .60, statistical power of the Study 1 desigracic impedance monitor could permit psychophysiological re-
was .85. Power analyses for Study 2 yielded comparable estimatesearch outside the laboratory in real-life settings.

REFERENCES

al’Absi, M., Bongard, S., Buchanan, T., Pincomb, G. A., Licinio, J., & ventricular stroke volume in human€ardiovascular Researchl8,
Lovallo, W. R.(1997). Cardiovascular and neuroendocrine adjustment ~ 354-360.
to public-speaking and mental arithmetic stressBsgichophysiology ~ Everson, S. A., Lovallo, W. R., Pincomb, G. A., Kizakevich, P., & Wilson,

34, 266-275. M. F. (199)). Validation of an ensemble-averaged impedance cardio-

Berntson, G. G., Quigley, K. S., Jang, J., & Boysen, S(I990. A gram for estimation of stroke volum&roceedings of the Thirteenth
conceptual approach to artifact identification: Application to heart  Annual International Conference of the IEEE Engineering in Medicine
period dataPsychophysiology27, 568-598. and Biology Societyl3, 801-802.

Cacioppo, J. T., Malarkey, W. B., Kiecolt-Glaser, J. K., Uchino, B. N., Fuller, H. D. (1992. The validity of cardiac output measurement by
Sgoutas-Emch, S. A., Sheridan, J. F., Berntson, G. G., & Glaser, R. impedance cardiography: A revieWrogress in Cardiovascular Dis-
(1995. Heterogeneity in neuroendocrine and immune responses to ease 36, 267-273.
brief psychological stressors as a function of autonomic cardiovasculaGirdler, S. S., Turner, J. R., Sherwood, A., & Light, K. @990. Gender
activation.Psychosomatic Medicin®7, 157-164. differences in blood pressure control during a variety of behavioral

Cliff, N. (1993. What is and isn't measurement. In G. Keren & C. Lewis stressorsPsychosomatic Medicin®2, 571-591.

(Eds), A Handbook for data analysis in the behavioral sciences: Jensen, L., Yakimets, J.,, Teo, K. K(1995. A review of impedance

Methodological issuegpp. 59-93. Hillsdale, NJ: Lawrence Erlbaum cardiographyHeart Lung 24, 183-193.

Associates. Kelsey, R. M., & Guethlein, W(1990. An evaluation of the ensemble
Cohen, J(1988. Statistical power analysis for the behavioral sciences averaged impedance cardiografsychophysiology27, 24-33.

Hillsdale, NJ: Lawrence Erlbaum Associates. Kelsey, R. M., Reiff, S., Wiens, S., Schneider, T. R., Mezzacappa, E. S., &
Cook, T. D., & Campbell, D. T(1979. Quasi-experimentation: Design Guethlein, W.(1998. The ensemble-averaged impedance cardiogram:

and analysis issues for field settingdoston, MA: Houghton Mifflin An evaluation of scoring methodBsychophysiologyd5, 337-340.

Company. Kubicek, W. G., Kottke, F. J., Ramos, M. U., Patterson, R. P., Witsoe, D. A.,
Dunlap, E. D., & Pfeifer, M. A(1989. Autonomic function testing. In N. Labree, J. W., Remole, W., Layman, T. E., Schoening, H., & Garamella,

Schneiderman, S. Weiss, & P. Kaufmégds), Handbook of research J. T.(1974. The Minnesota impedance cardiograph: Theory and appli-

methods in cardiovascular behavioral medicitygp. 91-106. New cations.Biomedical Engineeringd, 410-416.

York: Plenum Press. Lamberts, R., Visser, K. R., & Zijlstra, W. G1984). Impedance cardiog-
Ebert, T. J., Eckberg, D. L., Vetrovic, G. M., & Cowley, M. 1984). raphy. Assen, The Netherlands: Van Gorcum.

Impedance cardiograms reliably estimate beat-to-beat changes in leftash, S. J., Gillespie, B. L., Eisler, R. M., & Southard, D.(R991). Sex



Ambulatory impedance cardiograph 473

differences in cardiovascular reactivity: Effects of gender relevance of  vascular and neuroendocrine responses to behavioral stré3spcho-

the stressoiHealth Psychologyl10, 392—398. physiology 26, 270-280.

Lawler, K. A., Wilcox, Z. C., & Anderson, S. F1995. Gender differences  Sherwood, A., Allen, M. T., Fahrenberg, J., Kelsey, R. M., Lovallo, W. R.,
in patterns of dynamic cardiovascular regulatiBsychosomatic Med- & van Doornen, L. J. R1990. Methodological guidelines for imped-
icine, 57, 357-365. ance cardiography’sychophysiology27, 1-23.

Litvack, D., Lozano, D., Ernst, J. E., Berntson, G. G., & Cacioppo, J. T. Shrout, P. E., & Fleiss, J. (1979. Intraclass correlations: Uses in assess-
(1999. The ANS Suite(Version 5.2.1. The Ohio State University, ing rater reliability.Psychological Bulletin86, 420—428.

Social Neuroscience Laboratory, Columbus, Ohio. Szabo, A(1993. The combined effects of orthostatic and mental stress on

Litvack, D. A., Oberlander, T. F., Carney, L. H., & Saul, J(F995. Time heart rate, T-wave amplitude, and pulse transit tiEv@opean Journal
and frequency domain methods for heart rate variability analysis: A of Applied Physiology67, 540-544.
methodological comparisoi®sychophysiology32, 492-504. Willemsen, G. H. M., De Geus, E. J. C., Klaver, C. H. A. M., Van Doornen,

Muzi, M., Ebert, T. J., Tristani, F.E., Jeutter, D. C., Barney, J. A., & Smith, L. J. P., & Carroll, D.(1996. Ambulatory monitoring of the impedance
J. J.(1985. Determination of cardiac output using ensemble-averaged cardiogramPsychophysiology33, 184-193.

impedance cardiogramdournal of Applied Physiologys8, 200. Wilson, M. F., Lovallo, W. R., & Pincomb, G. A(1989. Noninvasive
Pearson, E. S., & Hartley, H. @1951). Charts of the power function for measurement of cardiac functions. In N. Schneiderman, S. Weiss, & P.
analysis of variance tests derived from the non-cerfrdlstribution. Kaufman (Eds), Handbook of research methods in cardiovascular
Biometrikg 38, 112-130. behavioral medicinépp. 23-50. New York: Plenum Press.
Pincomb, G. A., Lovallo, W. R., Passey, R. B., Whitsett, T. L., Silverstein, Wilson, M. F., Sung, B. H., Pincomb, G. A., Lovallo, W. R1989.
S. M., & Wilson, M. F.(1985. Effects of caffeine on vascular resis- Simultaneous measurement of stroke volume by impedance cardiogra-
tance, cardiac output and myocardial contractility in young rmener- phy and nuclear ventriculography: Comparisons at rest and exercise.
ican Journal of Cardiology56, 119-122. Annals of Biomedical Engineering7, 475—482.

Saab, P. G(1989. Cardiovascular and neuroendocrine responses to chal-
lenge in males and females. In N. Schneiderman, S. Weiss, & P.
Kaufman (Eds), Handbook of research methods in cardiovascular
behavioral medicinépp. 453—481 New York: Plenum Press.
Saab, P. G., Matthews, K. A., Stoney, C. M., & McDonald, R.(£E289.
Premenopausal and postmenopausal women differ in their cardiofReceivep June 28, 1999AccepTED August 21, 200D



