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ABSTRACT 

EKG synchronized ensemble averaging of the impedance cardiogram tends to blur or suppress 
signal events due to signal jitter or event latency variability. Although ensemble averaging 
provides some improvement in the stability of the signal and signal to noise ratio under conditions 
of nonperiodic influences of respiration and motion, coherent averaging techniques were developed 
to determine whether further enhancement of the impedance cardiogram could be obtained. 
Physiological signals were obtained from sixteen male and female subjects during resting 
conditions. while delivering a speech and while undergoing submaximal bicycle exercise. Results 
indicated that improved resolution of dZ'dt signal events could be obtained using coherent ensemble 
averaging. Although some improvement in precision of event location was obtained, most 
enhancement of the impedance cardiogram occurred in measurement of the amplitude of the dZldt 
maximum (ejection velocity) during speaking and exercise conditions. Validated increases in dZldt 
maximum exceeding 20% were obtained in some subjects with coherent averaging. suggesting that 
the diagnostic utility of impedance cardiography can be improved by using this technique. 
(Supported by NHLBI research grants. HlA 1335 and HL36588.) 

INTRODUCTION 

Validation studies have shown that impedance cardiography (ICG) can provide a 
reasonably accurate estimate of stroke volume (SV) [see review 1]. The ICG, however, is 
susceptible to artifactual influences of respiration and motion. These influences have been 
countered by ensemble averaging of the ICG, which when performed across several 
respiratory cycles effectively fllters signal noise, and respiratory and motion artifact and 
provides an adequate estimate of SV, cardiac output and cardiac time intervals [4, 5, 6]. 
Moreover, measures derived from ensemble averaged waveforms do not statistically differ 
from averages of beat-by-beat measures over the identical time period [7]. 

Ensemble averaging is a technique in which the ICG is averaged on a consecutive beat­
by-beat basis and temporally synchronized with the R-wave of the electrocardiogram 
(EKG) (see Figure I). This technique is supposed to provide a coherent average 
improving signal to noise ratio. However, ensemble averaging suffers from the 
difficulties inherent with intrasubject variability of signal shape and event latency. Events 
in the ICG signal (i.e., the B point which reflects aortic opening, the dZJdtmax which 
reflects the peak systolic ejection rate and the X wave which reflects aortic closure and end 
of ventricular ejection) can be blurred or even disappear in the ensemble averaged signal. 
For example, B and X waves tend to flatten making them less distinct and a broadening of 
the dZJdt peak can occur. Therefore, ensemble averaging does not actually provide 
coherent averaging unless there are absolutely stable signal event time intervals. The 
purpose of this paper was to compare another signal processing technique, coherent 
ensemble averaging, with ensemble averaging of the ICG under conditions of rest and 
conditions of cardiorespiratory activation elicited by public speaking or bicycle exercise. 
Coherent averaging differs from ensemble averaging in that the distinct components of the 
impedance waveform are aligned, averaged, and then as with ensemble averaging adjusted 
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relative to the R wave of the EKG. However, the event adjustment is based upon the 
average temporal location derived from beat-by-beat detection of the three signal events: B 
point, dZJdtmax and the minimum of the X wave (see Figure 1). Therefore, by aligning 
and averaging the events, coherent averaging should provide a more enhanced and precise 
representation of the wavefonn components than ensemble averaging, by producing an 
averaged waveform that retains the advantage of enhanced signal to noise ratio and is 
relatively free from beat-to-beat variation in event latency. 
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Figure 1. Panel A: R-wave triggered ensemble average. Panel B: coherent averaging­
event alignment (8, dZJdtmax and Xmin), averaging, adjustment relative to R-wave. 

METHOD 

Subjects 

Sixteen (8 men and 8 women) Caucasian native born, U.S. citizens, with mean (± SD) 
age of 44.6 ± 7 yrs (range 26-53 yrs) served as subjects. Prior to the testing session, after 
informed consent, a medical history was taken with all subjects reporting no 
cardiopulmonary or other medical disorders. This was confIrmed by physical examination, 
fasting blood chemistry analysis and twelve lead EKG. Mean ± SD height and weight 
were respectively, 162.3 ± 4 cm and 73.5 ± 21 kg for females and 174.2 ± 5 cm and 83.0 
± 9 kg for males. All subjects had a diastolic blood pressure (BP) less than 90 mm Hg. 

Procedure 

The physiological data used in this study were collected between 0900 and 1400 on the 
testing day. A heparinized butterfly blood withdrawal needle (Kowarski-Cormed 
thromboresistant blood withdrawal needle (18 ga) and tubing set) was inserted into an 
antecubital vein and attached to a small (10 X 9 cm) portable peristaltic pump (Cormed 
ML6). During the testing session BP, EKG, phonocardiogram (PCG), respiration, the 
derivative of the pulsatile impedance signal (dZldt) and mean thoracic impedance (Zo) were 
recorded. Blood was collected for hematocrit and hence blood resistivity determination 
while subjects were at rest or engaged in the behavioral challenges. Physiological 
measurements were obtained during three periods: resting baseline, evaluative speech 
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streSsor and submaximal bicycle exercise. Data were collected during the last 6-min of a 
20-min period of rest while seated in a chair, during a 3-min period in which the subjects 
were asked to deliver into a video recording camera a speech on a threatening topic, which 
they were told would be subsequently evaluated [8], and during a 9-min seated-bicycle 
exercise in which the workload of the bicycle was computer-adjusted to maintain the 
subjects' heart rate at 60% of maximum level [9]. These measurement periods were 
presented to the subjects in this fIxed order. Three 3O-s samples of physiological data 
evenly spaced throughout each of these periods were selected for comparison of the two 
waveform averaging computer applications. 

Physiological Recording Apparatus and Signal Transduction 

Measurements of BP were obtained using a Critikon Oinamap AdultIPediatric Vital 
Signs Monitor. The BP measures will not be reported here. EKG, PCG, ICG and 
respiration were recorded continuously with a Grass polygraph. Either a standard EKG 
Lead I or II configuration was selected. The ICG was derived using a tetrapolar aluminum 
and mylar tape electrode configuration. Lead 2 was placed just superior to the suprasternal 
notch of the thorax, at the base of the neck. Lead 1 was placed precisely 3 cm superior to 
lead 2 on the upper neck. Lead 3 was placed around the thorax overlaying the xiphostemal 
joint. Lead 4 was placed on the lower thorax precisely 5 cm inferior to lead 3. These four 
ICG leads were placed around the body, while the subject was standing erect, such that the 
impedance leads 1 & 2 were parallel to each other and leads 3 & 4 were parallel to the 
floor. This was done to ensure uniform current spread over the body. An alternating 
current of 4 rnA at 100 kHz was passed through the outer electrodes and the signals were 
recorded from the inner two electrodes. The two signals derived from the ICG signal were 
~ and dZldt. The PCG was recorded to determine heart sounds by placing a 
phonotransducer (Hewlett Packard-21050A) on the cardiac window in the second or fourth 
intracostal space just to the left of the sternum. Respiration was recorded by placing a 
mercury strain-gauge on the abdomen below the fourth impedance lead. 

The EKG, PCG, and respiration signal were relayed from the polygraph to an AID 
converter (DT 2801) at 1 kHz sampling rate and stored in the mM PC-AT computer. The 
dZldt signal was also sampled at 1 kHz and relayed directly from the Minnesota Impedance 
Cardiograph to the NO converter so that the impedance signal would be free of the 
attenuating effects imposed by polygraphic high frequency flltering. An impedance 
calibration signal was also stored in the computer for later conversion of the dZldt signal to 
Ohms/so The EKG, ICG, and PCG were collected continuously during baseline periods 
and task periods, and stored as 30-s samples on the computer. Blood was collected as 
integrated 3-min samples during the baseline periods and tasks. 

Coherent and Ensemble Averaging Procedures 

The computer program calculated the ensemble average and coherent average during a 
single pass of a 30-s sample of EKG and dZldt Ensemble averaging initially required the 
detection of the R-wave of the EKG. The dZldt samples for each cycle starting from R 
wave detection, were summed into a storage buffer. After the information from the last 
cycle was stored the sum was divided by the total number of cycles in the sample and this 
ensemble average was presented to the graphics terminal display and stored for later 
analysis. The coherent average was similarly developed for each 30-s sample. However, 
the coherent averaging process differed from the ensemble averaging method as follows: a) 
the signal events were detected on a beat-by-beat basis which required additional signal 
processing techniques; and b) these signal events synchronized the waveform averaging. 
Specifically, before coherent averaging, a template was generated by ensemble averaging 
the flI'St 10 cycles of the dZldt waveform. The signal events, B point, dZldtmax and X­
wave minimum were detected on this ensemble average and these events were windowed 
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(± 50 ms) to create a template of each event Then, consequent to the EKG R-wave 
detection for each cycle, a matched flltering technique was employed, which calculated the 
cross correllition between the template and the incoming dZJdt wavefonn to detect the 
signal events. The precision of these signal detection techniques have been previously 
described [10]. The template was updated upon each detection enhancing detection 
reliability, especially in cases of slowly changing wavefonn topography. To ensure 
complete accuracy of event detection the program permitted the operator to correct 
interactively any events scored incorrectly. Once each of the three events had been detected 
the time point relative to the R wave was stored for later adjustment following the 
averaging of the events, which were summed into a storage buffer and divided by the total 
number of cycles. The coherent averages of each of the three events were then temporally 
adjusted relative to the mean interval from the R wave, displayed to the terminal screen and 
stored for later analysis. 

The temporal difference between the beat-by-beat onset of each signal event relative to 
the onset of the event in the signal template was calculated to provide an index of the 
variation of the signal events. In addition, several indices of myocardial peJformance were 
derived from the computer samples of EKG and leG from both the ensemble and coherent 
averages for later statistical comparison. Left ventricular ejection time (L VET) was derived 
by measuring the interval (ms) between the B-wave local minimum and the onset of the X­
wave of the dZJdt The second heart sound from the PCG, which reflects aortic valve 
closure, was used only to aid in verifying that the dZJdt X-wave was properly identified 
The ejection velocity (dZJdtrnax) is measured in Ohms/s and was calculated as the difference 
in amplitude between the peak of the dZldt signal and the zeroline divided by the amplitude 
of the dZldt calibration signal. SV was derived using the Kubicek formula [II] as follows: 
SV = rho * (UZo)2 * LVEf * dZldmax. Rho is the blood resistivity in Ohms.cm and was 
calculated using the fonnula: rho = 53.2e(O.022)HCT, where HCT is the hematocrit as 
measured from the collected blood samples. The closest HCT in time with the 30-s period 
was used to calculate rho. The mean Zo from each 30-s sample was calculated The 
electrode distance (L) in cm between lead 2 and lead 3 was measured while the subject was 
seated prior to the first baseline and bicycle exercising periods. 

RESULTS 

The data analysis (repeated measures analysis of variance) consisted of initially 
determining whether each of the three periods of measurement differed in the degree of 
variation of the signal events on a beat-by-beat basis. Then the coherent and ensemble 
averaging techniques were compared during the baseline, ~peech and exercise periods to 
determine on the averaged waveforms whether differences were produced in: a) event 
location; and b) L VET, dZldlmax or SV. 

The beat-to-beat temporal location of the detected signal events was determined relative 
to the temporal point of the event within the original template established in the matched 
ftltering procedure. Table I presents the mean (± SD) variation in the location of these 
signal events detected during the beat-by-beat coherent averaging process. As expected, 
the variation in the events during the resting baseline period was significantly less than 
during the speech and exercise periods (p<.OOI). Moreover, significantly greater variation 
was observed during the speech than the exercise task in B point (p<.OOI) and Xmin 
(p<.OOl), with no difference between these tasks in influencing the dZldt peak location. 
Therefore, most improvement in the signal event waveforms when using coherent 
averaging would be expected during the speaking and exercise periods, since these are the 
periods of greatest event variation. 



232 Third Annual IEEE Symposiwn on Computer-Based Medical Systems 

Table 1. Mean (± SD) Variation in Signal Event Location (ms) Relative to the Initial 
Template Event Location. 

Event 

B 
dZJdtrnax 
Xmin 

Resting Baseline 

3.5 ± 2 
4.7 ± 3 
7.1 ± 4 

Speech 

6.8 ± 3 
10.5 ± 6 
14.2± 6 

Bicycle Exercise 

5.1 ± 3 
8.6± 5 

10.3 ± 4 

Table 2 depicts the mean ± SD difference and absolute value of the difference between 
the coherent and ensemble averaging methods in the location of the signal events on the 
averaged waveform. Although there was no significant difference between methods in the 
location of the peak of the dZJdt, there were significant differences between the methods 
for B point (pd>05) and Xmin (p<.05) locations. Indeed, systematic differences were 
observed with the coherent average method producing a B point that was about 1-4 ms later 
than the ensemble average. Whereas, the Xmin was located approximately 6-7 ms earlier in 
the coherent waveform than in the ensemble average. There were only small differences 

Table 2. Mean (± SD) Difference and Absolute Difference Between Coherent and 
Ensemble Averaging Techniques in Signal Event Location (ms). 
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dZJdtrnax 
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Figure 2. Two cases (#43 & #65) of enhancement of B point during speech (A) and 
exercise (B) using coherent averaging (dotted) compared with ensemble averaging (solid). 
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Figure 3. Two cases (#47 & #77) of enhancement of X minimum during speech (A) and 
exercise (B) using coherent averaging (dotted) compared with ensemble averaging (solid). 

obtained between methods during the exercise period in the location of the Xmin. Although 
the averaging methods, in general, produced small temporal differences in the event 
locations, inspection of the averaged waveforms (see examples in Figures 2 and 3) reveals 
that the coherent averaging technique enhanced the resolution of the wavefonn events. 

Since the B point occurred later and the Xmin earlier in the coherent average than the 
ensemble average waveforms, the L VET values should be shorter following application of 
coherent averaging. As can be seen in Table 3 coherent averaging did produce significantly 
shorter L VET than the ensemble averaging method (Pdl05), by approximately 7 ms. This 
difference was unaffected by period of measurement Since L VET is directly related to SV 
in the Kubicek equation, the shorter L VET obtained using coherent averaging would have 
the effect of reducing SV by about 2-3%. 

Table 3. Comparison of Mean (± SD) & Percentage Difference ofLVET (ms), dZJd1max 
(Ohms/s) and SV (ml) using Coherent (COR) and Ensemble (ENS) Averaging Methods. 

Measure Resting Baseline Speech Bicycle Exercise 

COH ENS %Diff COH ENS %Diff COH ENS %Diff 

LVET 309.4±31 317.l±42 -2.4 292.6±44 301.7±SO -3.0 261.7±2S 26S.9±26 -1.6 
dZldtmax 2.04±1 2.01±1 1.3 2.2S±1 2.l4±1 S.I 2.83±1 2.6S±l 6.8 
SV S9.9±43 60.3±43 -C.7 63.8±37 62.1±37 2.7 70.7±37 67.9±36 4.1 

Although many laboratories measure the ejection velocity as the amplitude of dZJdt 
relative to the B point, the ejection velocity reported in this study was measured from the 
peak of the dZJdt relative to the zero line in order to determine the effect of the signal 
processing methods unconfounded by differences in the location of the B point It was in 
this measure that the most prominent effect of the coherent averaging technique could be 
discriminated, especially in individual cases that exhibit more temporal variability in 
dZldtmax (see Figure 4). Table 3 displays the mean dZJdbnax values during the periods of 
measurement contrasting the averaging methods. While there was no difference in 
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dZldtmax between methods under the stable conditions of the resting baseline, significant 
differences were found during speech (pdlO 1) and exercise tasks (p<.05). cohere~t 
averaging during these two conditions of relatively greater respiratory and mot?nc 
instability produced a 5-7% increase in dZJdtmax compared with ensemble averagmg. 
Figure 4 shows that the effect of c<?~erent averagin~ in enhanci~g the dZJd~ peak in some 
subjects while speaking or exerclsmg can be qUIte substanual, exceeding 2~%. The 
combined coherent averaging effect on SV of the shortened L VET and the mcreased 
dZJdtmax is shown in Table 3. Although these effects have opposite influences on SV, the 
decreases in L VET were not sufficient to counter the increases in dZJdtrnalt. with significant 
elevations in SV of 3-4% maintained during speech (p<.Ol) and exercise periods (p<.05). 
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Figure 4. Two cases (#66 & #43) of enhancement of dZJdbnall during speech (A) and 
exercise (B) using coherent averaging (dotted) compared with ensemble averaging (solid). 

DISCUSSION 

We have shown that the beat-to-beat variations of the B point, dZJdlmax and Xmin over a 
30-s sampling interval are quite stable when the subject is at rest. The respiratory and 
movement influences inherent in the speech and exercise challenges, however, produced 
more variation in the signal events, mostly the Xmin and dZJdt peak. Systematic changes in 
the averaged waveform occurred upon application of coherent averaging with slightly later 
detection of the B point and earlier detection of the Xmin relative to the R wave of the 
EKG. These combined effects resulted in a reduction in LVET of about 7 ms due to 
coherent averaging. Although the effect of coherent averaging on the temporal location of 
the signal events was not very substantial, inspection of Figures 24 reveals the clear 
enhancement of the resolution of each of the signal events. Therefore, while the precision 
of the detection of the events is only marginally improved, the reliability of detection of the 
events, especially under circumstances of unusual respiratory and motion modulation 
would appear to be improved. The greatest effect of coherent averaging on the impedance 
cardiogram was to increase the dZJdtmax, which on average increased 5-7%, although in 
some subjects improvements exceeded 20%. Figure 4 clearly shows how the dZldt peak 
can be broadened after ensemble averaging. Coherent averaging removes this effect, 
enhancing the resolution of the dZJdt peak. On the basis of the improvements in the 
dZJdtmax alone it would appear that the use of coherent averaging techniques could improve 
the reliability and validity of SV measurement, especially under nonsteady state conditions. 
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Comparisons of impedance cardiography with more well established invasive 
techniques have shown high correlations when averaged across a group of individuals [1]. 
However, when applied in individual cases the correlations have been much poorer [12, 
13]. It is quite clear from the presentation of the individual cases in this study that coherent 
averaging may substantially alter SV. Therefore, differences between ensemble and 
coherent averaging techniques would tend to be minimized when data sets are averaged 
over many subjects. However, on a single case basis or when improved reliability is 
needed for diagnostic purposes improved measurement may be obtained by using coherent 
averaging. Moreover, with the enhancement of the signal-to-noise ratio on each of the 
relevant events, the test-retest reliability may be improved, especially if there are 
differences in noise level when retesting. In conclusion, coherent averaging as a signal 
processing technique retains the advantages of ensemble averaging including event 
enhancement and nonperiodic waveform attenuation (e.g., respiratory, motion, and 
electrical noise artifact). Coherent averaging also provides the advantage of reducing the 
effect of variation in event latency, thereby enhancing individual landmarks in the lCG. 
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