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Measurement of cardiac output
from a test-bolus injection in multislice

computed tomography

Abstract The aim of this study was
to assess the feasibility of non-inva-
sive determination of cardiac func-
tion from test-bolus data in multi-
slice spiral computed tomography
(MSCT). In 25 patients enhancement
data gathered from a standardized
test-bolus injection were analyzed.
The test-bolus examination was per-
formed prior to a retrospectively
ECG-gated MSCT of the heart. A
time—attenuation curve was obtained
in the ascending aorta at the level of
the pulmonary arteries. A gamma
variate fit was applied to the curve in
order to exclude recirculation and
get pure first-pass data. Using the
known amount of iodine injected,
cardiac output (CO), and stroke
volume (SV) were determined from
integration of the fitted contrast
nhancement curve using a reforma-
tion of the Stewart-Hamilton equa-

Introduction

tion. Results were compared with
CO and SV calculated from the geo-
metric analysis of the retrospectively
gated MSCT data using the ARGUS
Software (Siemens, Forchheim, Ger-
many). The CO and SV determined
from test-bolus analysis and from
geometric analysis correlated well
with Pearson’s correlation coeffi-
cients of 0.87 and 0.88, respectively.
The standard deviation of the differ-
ence between both methods was
0.51 1/min for CO (8.6%) and

11.0 ml for SV (12.3%). Non-inva-
sive quantification of CO seems to
be feasible from a standard test-
bolus injection. It provides valuable
information on cardiac function
without additional radiation or appli-
cation of contrast material.

Keywords Computed tomography -
Multi-detector row - Heart - Function

With the introduction of CT angiography, optimal

The introduction of multislice spiral computed tomogra-
phy (MSCT) scanners with four slices and 500 ms gantry
rotation time in clinical routine led to an approximately
eightfold increase of the examination speed and marked-
ly improved temporal resolution, when compared with
single-slice spiral CT with 1-s gantry rotation time [1].
Using retrospectively electrocardiogram (ECG)-gated
MSCT allowed for the first time to perform CT coronary
angiography [2, 3], motion-free evaluation of the entire
thoracic aorta [4], and to quantitatively assess left ven-
tricular volumes [5, 6, 7].

timing of the contrast material injection became an im-
portant issue in CT. To achieve a more uniform contrast
enhancement individually tailored injection protocols
were developed [8, 9, 10]. For this reason the injection
of a defined contrast material bolus and the subsequent
acquisition of a low-dose time—attenuation curve prior to
the actual spiral CT scan, a so-called test-bolus examina-
tion, is often performed. The primary aim of this exami-
nation is to determine the individual circulation time and
from this the optimal time point for the start of the CT
scan. As the time—attenuation curve after a defined bolus
injection contains the cardiac system response, a test-bo-
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lus examination is likely to hold quantitative information
on cardiac function as well.

Applying a modification of the Stewart-Hamilton
equation [11, 12], CT allows for the non-invasive mea-
surement of CO. With the iodine contrast material as in-
dicator and the CT scanner as densitometer animal ex-
periments have shown previously that cardiac output
(CO) can be determined from a defined contrast material
injection and a dynamic measurement with electron
beam tomography (EBT) or fast mechanical CT [13, 14,
15]. Patient studies on EBT comparing CO measured by
indicator dilution vs geometric analysis from ECG-gated
EBT showed systematic agreement but a high variability
[16]. All these studies were performed using central-ve-
nous injection or even injection into the pulmonary ar-
tery, which cannot be considered non-invasive.

Therefore, the purpose of this study was to assess the
feasibility of a non-invasive determination of CO with
MSCT from routine test-bolus data after peripheral con-
trast injection as an adjunct to retrospectively ECG-gated
MSCT of the heart.

Materials and methods

In 25 patients (16 men, 9 women) with a mean age of
64.8+13.2 years, who were referred to our clinic for exclusion of
coronary artery disease (n=23), cardiomyopathy (n=1), or ventric-
ular anomaly (n=1) retrospectively ECG-gated MSCT of the heart
was performed. Patients suffering from valvular anomalies were
excluded from the study. The average heart rate was 67.7+11.7
beats per minute (BPM). None of the patients received additional
medication to reduce the heart rate prior the MSCT examination.
In all patients informed consent was obtained. All MSCT examin-
ations were performed with a four-detector-row MSCT scanner
(Somatom Volume Zoom, Siemens, Forchheim, Germany).

Firstly, the circulation time was determined from a test-bolus
injection. For this reason 20 ml of a nonionic contrast material (Ul-
travist 370, Schering, Berlin, Germany) followed by a saline chaser
bolus of 30 ml were injected with a flow rate of 4 ml/s each. Con-
trast material was administered with an 18-G needle in the right cu-
bital vein. After a start delay of 4 s, 20 sequential scans at the level
of the pulmonary arteries were performed every 2 s during inspira-
tory breath-hold, resulting in a total scan time of 38 s. Scan param-
eters were chosen as follows: 4x2.5-mm collimation with a recon-
structed slice thickness of 10 mm; 120-kV tube voltage with a tube
current of 30 effective mAs; and a rotation time of 500 ms.

Secondly, the entire heart was examined during a single inspira-
tory breath-hold of 39.3+3.9 s duration. A standardized examination
protocol with 4x1-mm collimation, 1.5-mm table feed per rotation
(normalized pitch: 0.375), and a tube rotation time of 500 ms was
used. Tube voltage was 120 kV with a tube current of 400 effective
mAs. For vessel and ventricle enhancement 120 ml of a nonionic
contrast material (Ultravist 370, Schering, Berlin, Germany) fol-
lowed by a 50-ml saline chaser bolus were injected at a flow rate of
2.5 ml/s. The time-to-peak enhancement derived from the test-bolus
examination multiplied by 1.5 was chosen as delay time. Radiation
dose was calculated with a commercially available software (Win-
Dose 2.1, Scanditronix Wellhofer, Schwarzenbruck, Germany) [17].

For image reconstruction a field of view of 180x180 mm with
a 512x512 reconstruction matrix and a soft tissue convolution ker-
nel (B30f) were used. In each patient ten axial image series were
reconstructed with an effective slice thickness of 1.25 mm and a

reconstruction increment of 0.8 mm. Image series were calculated
every 10% (0-90%) of the RR interval. The window settings were
individually adapted for each examination using the half-contour
principle [18]. The window center was set to the mean value of the
density in the myocardium and the density in the ventricular lu-
men. Window width was defined as twice the window center.
Temporal resolution of the image reconstruction algorithm was
125-250 ms, depending on the patient’s heart rate [19].

The geometric analysis was performed on a workstation
equipped with a standard software package (Wizard, Siemens,
Forchheim, Germany). Standardized double-oblique multiplanar
reformats in the short axis view were calculated from each axial
image series [20]. For the reformatted images a slice thickness of
8 mm without slice gap was chosen as recommended by the Asso-
ciation of the Scientific Medical Societies in Germany (AWMF;
http://www.uni-duesseldorf.de/WWW/AWMF/11/dirad004.htm; ac-
cessed 6 April 2003). Using the multiplanar reformats end-systolic
and end-diastolic images were selected by the reporting radiolo-
gist from the mid-portion of the left ventricle. End systole was de-
fined as maximum contraction and end diastole as maximum dila-
tation of the left ventricle. Slices from the apex to the base were
used for the quantitative assessment. The first slice with a visible
lumen was defined as apex, whereas the base of the left ventricle
was defined as the most basal slice with at least 50% myocardium
[21]. Papillary muscles were excluded from the ventricular lumen
as previously described [22]. The reformatted images were as-
sessed using the ARGUS Software (Siemens, Forchheim, Germa-
ny) for analysis of cardiac function. From manually drawn endo-
cardial contours of the left ventricle the stroke volume (SV) was
calculated using Simpson’s method (Fig. 1). The CO was calculat-
ed by multiplying the SV with the average heart rate of each pa-
tient; the latter was continuously recorded during the examination.

Time-enhancement curves were calculated for determination
of CO from the test-bolus data. A region of interest (ROI) individ-
ually adjusted to the vessel size was placed in the ascending aorta.
Contrast enhancement changes in the ROI were plotted against
time utilizing a standard scanner function (DynEva, Siemens, For-
chheim, Germany; Fig. 2). The time—enhancement curves were
transferred to a separate computer equipped with a dedicated soft-
ware tool for the calculation of CO based on the Stewart-Hamilton
equation:

CO= )

where Q is the amount of indicator injected and c¢(?) is indicator-
concentration as a function of time.

The Stewart-Hamilton equation assumes that the indicator en-
ters the compartment just once and eventually completely leaves
it. In order to restrict c(#) to the first pass and to exclude re-circu-
lation of the injected indicator from the analysis, a gamma variate
function was fit to the time—enhancement curves before integra-
tion (Fig. 3) [23].

From previous studies and practical experience it can be as-
sumed that part of the typical tail end of the bolus trails behind in
the venous system and therefore a certain amount of the injected
contrast material does not contribute to the measurement during
the first pass [24]. As the calculation of CO is based on the fitted
first pass of the contrast material exclusively, using the actually in-
jected amount of contrast material in Eq. (1) will lead to an over-
estimation. To correct for this effect, the amount of tracer Q in the
Stewart-Hamilton equation has to be replaced by an effective
amount Q*:

Q*

CO=—
Je(t)dr
0

(€3
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Fig. 1a, b Multiplanar reformats in the short axis view in the a
end-systolic and b end-diastolic phase allow for the calculation of
the left ventricular volumes from manually drawn endocardial
contours
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Fig. 2 Contrast enhancement changes in the ascending aorta were
plotted against time, resulting in a time—enhancement-curve
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Fig. 3 In order to exclude re-circulation of the injected contrast
material from the analysis, a gamma variate function was fit to the
time—enhancement curves. The fitted curve is represented by the
black curve with the dotted curve representing the original
time—enhancement curve

with O* <Q. The amount of contrast material trailing behind in the
venous system is not exactly known, but if one assumes that it is
relatively independent of CO and therefore a patient-independent
constant, it can be estimated from the results by doing a propor-
tionality fit to the data and by using the found proportionality con-
stant as correction factor f, . with Q*=f, Q.

c(t) in Egs. (1) and (2) is a tracer concentration, specified, for
instance, in milligrams of iodine per milliliter. The time—enhance-
ment curve is measured as CT number (HU) and needs to be con-
verted to tracer concentration units. With the well-known linear
relationship of CT number and iodine concentration this can be
achieved by a simple multiplication with a calibration constant. If
is the CT-number change per unit of iodine concentration, and the
area under the time—enhancement curve, then Eq (1) can be refor-
mulated to:

K% feorr % Q
co 2 3)
The conversion factor K was derived from a phantom study,
measuring the CT number of several probes with a known amount
of iodine. The slope of the resulting CT number—concentration re-
lation was used as conversion factor K. The SV for the indicator
dilution technique was calculated by dividing the CO by the pa-
tient’s average heart rate during the test-bolus measurement.

Results of the geometric analysis of the MSCT data were com-
pared with the results of the indicator dilution technique using re-
gression analysis. Pearson’s correlation coefficient was calculated.
The agreement between both methods was assessed using the
Bland-Altman approach [25].

Results

Multislice spiral CT examinations were successfully
completed in all patients without complications. Breath
hold during test-bolus injection and MSCT of the heart
was maintained by all patients. The image quality was
sufficient for quantitative image analysis in all examina-
tions. Endocardial borders could easily be determined on
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Fig. 4 Regression analysis shows good correlation between car-
diac output (CO; 1/min) determined from a geometric analysis
of retrospectively ECG-gated MSCT of the heart and from
test-bolus analysis. The analysis yields a regression line of
CO,4eon=0.685XCO ¢ po1ys10.172 I/min. The intercept of 0.172 is
not significantly different from 0. This justifies the correction of
the amount of tracer injected with a constant correction factor

Table 1 Cardiac output (CO) and stroke volume (SV) determined
by applying the indicator dilution theory to test-bolus data
correlated well with geometric analysis. Results are given as
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Fig. 5 Bland-Altman plot for the comparison with uncorrected
test-bolus data shows a mean bias of —2.45 1/min for the CO. It

also reveals that the difference between both methods consider-
ably depends on CO

meanz+standard deviation before and after correction for trailing
contrast material. In addition, the corresponding ranges of CO and
SV are provided in parentheses

Geometric analysis Indicator dilution Indicator dilution Correlation
(Uncorrected) (Corrected) Coefficient
CO (I/min) 5.88+1.02 8.33£1.33 5.91+0.92 0.87
(4.04-7.72) (6.08-10.82) (4.32-7.68) -
SV (ml) 88.86+20.39 126.62+33.00 89.90+23.43 0.88
(51.9-148.4) (79.89-207.95) (56.72-147.64) -

end-systolic and end-diastolic images. Left ventricular
volumes calculated from the retrospectively ECG-gated
MSCT data were as follows: end-systolic volume
72.3x106.1 ml; end-diastolic volume 166.3+104.4 ml;
and ejection fraction 62.2+12.5%. Calculated effective
radiation dose for the test-bolus injection according to
ICRP 60 [26] was 0.74 mSv for men and 0.82 mSv for
women. For ECG-gated MSCT of the entire heart the ef-
fective radiation dose was 6.87 mSv for men and
9.37 mSv for women.

The phantom measurements for determination of
the conversion factor K show an excellent linear rela-
tionship between CT number and iodine concentration
(r?=0.9995) with a slope of 26.78 HU (mg iodine/ml).

Cardiac output and SV correlated well between both
techniques with Pearson’s correlation coefficients (r)
of 0.87 and 0.88, respectively. The regression analysis
of CO using the geometric method vs using the test-
bolus method yielded a regression line of CO,. =
0.685*COgrporust0-172 Vmin (Fig. 4). The intercept
of 0.172 I/min (95% confidence interval: —1.24 to

1.58 1/min) is not significantly different from 0. Setting
the intercept to zero, the resulting correction factor for
the contrast material not contributing to the first pass is
0.71. This corresponds to 5.8 ml of contrast material
missing.

The results of CO and SV measurements for both
techniques are summarized in Table 1. Bland-Altman
analysis for the uncorrected data shows a mean differ-
ence of —2.45 1/min for the CO with limits of agreement
ranging from —3.73 to —1.18 I/min (Fig. 5). The plot also
reveals that the difference between both methods de-
pends on CO. After application of the constant correc-
tion factor, the bias and size dependency of the differ-
ence is eliminated (Fig. 6). The corresponding mean dif-
ferences for the SV before and after application of the
correction factor are —37.8 (—1.0) ml with limits of
agreement ranging from —2.8 (-22.7) ml to 72.7 (20.6)
ml. The standard deviation of the difference in CO is
0.51 I/min, which corresponds to an average of 8.6%.
The respective value for the difference in SV was
11.0 ml, corresponding to an average of 12.3%.
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Fig. 6 After application of the constant correction factor, the bias
and size dependency of the difference is eliminated. The standard
deviation of the difference in CO is 0.51 /min, which corresponds
to an average of 8.6%

Discussion

Cardiac output is a parameter for the assessment of over-
all cardiovascular performance. Although CO is of limit-
ed use in clinical routine and more precise predictors of
cardiac function, such as ejection fraction or end-diastol-
ic volume, are commonly used, CO provides valuable in-
formation as a global parameter of cardiac function.
Moreover, CO can be helpful to quantitate valvular in-
sufficiencies and intra-cardiac shunts [27]; therefore, it
can be of interest to determine CO as adjunct to a MSCT
examination from otherwise unused CT data, without ap-
plication of additional contrast material or radiation.

Several invasive and non-invasive methods to assess
the CO are available, including thermodilution, radionu-
clide techniques, and ultrasound [28]. The CT allows as-
sessing CO in different ways, firstly by a dynamic CT
analysis using a modification of the indicator dilution
method, and secondly by geometric assessment of the
ventricular volumes from ECG-gated spiral CT data.
Geometric analysis of the ventricular volumes in ECG-
gated EBT and ECG-gated MSCT provided good results
for the assessment of the cardiac function [5, 6, 7, 29,
30]. Indicator dilution technique was reported with very
good results in animal studies [14, 15], and less satisfac-
tory results in patient studies using EBT [16]. All these
studies used a central venous line and very high flow
rates for injection of the contrast material. To the best of
our knowledge, the indicator dilution technique was not
reported yet in patient studies using mechanical CT scan-
ners and peripheral venous injection at a flow rate rea-
sonable for standard CT examinations.

The Stewart-Hamilton equation requires the measure-
ment of an indicator concentration in the blood pool to

determine CO. Applying this to CT is fairly straightfor-
ward. lodinated contrast material is used as indicator
with the CT scanner employed as densitometer, measur-
ing the CT number in a ROI. The CT number change is
proportional to the change of the iodine concentration
within the ROI. Repeated measurements at the same lev-
el result in a time—attenuation curve. To restrict the anal-
ysis to the first pass of the contrast material a gamma
variate fit is applied. The exact relation between CT
number and iodine concentration can be easily deter-
mined by scanning probes with known concentration of
contrast material.

But there are several possible sources of error. The
most important effect is caused by contrast material trail-
ing behind in the venous system after injection of the test
bolus. This phenomenon is caused by the dilution and
slowing of the contrast material during the venous pas-
sage [10, 24, 31, 32]. Consequently, some of the contrast
material arrives delayed at the heart and does not con-
tribute to the analysis, as the calculation of the CO is
based on a fitted first-pass exclusively. We corrected for
this effect by introducing a patient-independent correc-
tion factor in Eq. (2). The fact that the intercept of the re-
gression analysis was not significantly different from ze-
ro can be considered a retrospective justification for this
assumption.

Right heart failure may result in a reflux of contrast
material into the inferior vena cava, likewise resulting in
an inaccuracy of CO determination. In case of a marked-
ly prolonged circulation time the scan time for registra-
tion of the first pass of the contrast material might be too
short to cover the entire contrast bolus increasing the er-
ror of the gamma variate fit. The influence of these ef-
fects is larger if only small amounts of contrast material
are administered. They can be minimized by applying a
saline chaser injection immediately following the injec-
tion of the contrast material.

For ionic and less so for nonionic contrast material
hemodynamic and electrocardiographic changes were
described [33, 34]. These effects are likely to be irrele-
vant for indicator dilution, as only small amounts of non-
ionic contrast material were injected, but they might pos-
sibly be relevant for the geometric analysis as this exam-
ination requires a much larger amount of contrast materi-
al. In addition, inspiratory breath hold leads to a decrease
of the intrapulmonary pressure that may affect left ven-
tricular filling; however, the type of breath hold should
not influence the results of the study, as the test bolus in-
jection as well as the ECG-gated MSCT of the heart
were both performed using the same inspiratory breath
hold.

To apply the indicator dilution technique to CT a
sharply delineated test bolus is mandatory in order to re-
ceive a well-defined time—attenuation curve. This can be
achieved by using a relatively fast injection rate. As in
clinical routine the test bolus injection is used primarily
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for determination of the circulation time, the flow rate of
the test bolus injection has to be kept in reasonable
agreement with the flow rate used for the diagnostic CT
scan. In our study the circulation time determined from
the test bolus injection was multiplied with the empiric
factor of 1.5 in order to correct for the different flow
rates. Another approach to solve this problem is to apply
a biphasic scan protocol for the diagnostic CT scan with
an initial flow rate of 4 ml/s as described elsewhere [35].

The geometric approach for determination of the car-
diac function from retrospectively ECG gated MSCT
has been shown to be quite accurate when compared
with magnetic resonance imaging [6, 7, 30], which was
established as gold standard for functional cardiac im-
aging [36]; however, geometric analysis of CT data sets
showed a tendency to slightly underestimate the SV and
therefore the CO. This effect is most likely caused by
the limited temporal resolution of ECG-gated MSCT as
motion free imaging of the heart requires a temporal
resolution of 30-50 ms [37]. The reconstruction of only
ten image series every 10% of the RR interval may also
limit the determination of the left ventricular volumes,
as the peak systolic contraction might be missed. In ad-
dition, the examined patient group consists mainly of
patients with suspected coronary artery disease with on-
ly 2 patients suffering from other cardiovascular disor-
ders.

All these factors may contribute to the differences ob-
served between both techniques. Nevertheless, despite
these potential limitations, there was good correlation
and good agreement between both techniques. In com-
parison with previous animal and patient studies we
found a systematic overestimation of the CO calculated
from the time-attenuation curves. As discussed previ-
ously, this is most likely due to trailing contrast material
arriving delayed at the heart. We were able to successful-
ly correct for this effect by applying a constant correc-
tion factor which completely eliminated the systematic
difference. In comparison with the patient study per-
formed by Ludman et al. [16], our results showed a
markedly reduced scattering of the data—by more than a
factor of 2—indicating the applicability of this method
in clinical routine by using modern MSCT scanners.

Conclusion

Non-invasive quantification of CO and SV is possible as a
fast and simple additional post-processing procedure ap-
plied to standard test-bolus data. As a test-bolus injection is
routinely used for determination of the circulation time in
contrast-enhanced MSCT of the heart, this technique pro-
vides valuable information on the cardiac function without
additional application of contrast material or radiation.
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