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ABSTRACT

Background: Cardiac output can be estimated during retrospectively gated CT coronary angiography by anatomically
determining left ventricular volumes; prospective triggering to minimize radiation precludes this methodology. We
propose an alternative method for cardiac output estimation based on preclinical models suggesting that cardiac output
may be inversely related to contrast washout from the aortic root during timing bolus scanning, as measured by peak
aortic root contrast attenuation. Methods: 34 patients had CT coronary angiography timing bolus performed with 20 ml
iodixanol at 5.5 ml/s followed by 20 ml normal saline at 5.5 ml/s through an 18-Ga antecubital catheter. Peak aortic root
contrast attenuation was correlated to cardiac output calculated by echocardiography using heart rate stroke volume
from biplane Simpson’s method. Results: Mean age was 58 + 13 years; body surface area, 2.0 + 0.5 m? 53% were
women. Stroke volume, cardiac output and cardiac index were 67 + 19 ml, 4.5 + 1.6 L/min, and 2.2 + 0.7 L/min/m?,
respectively. Peak aortic root contrast attenuation was 207 + 46 HU and correlated to cardiac output and cardiac index
with r =-0.64, p < 0.0001 and r = -0.55, p < 0.001, respectively. Regression analysis estimates cardiac output = -0.02
peak aortic root contrast attenuation +9.1. Conclusion: This novel method for cardiac output estimation by CTCA ap-
pears feasible. The CT physiologic parameters using the timing test-bolus data moderately correlated with echocardio-
graphic assessment of cardiac output. The calculation of cardiac output adds important hemodynamic data to anatomic
information provided by CTCA, and further development of this method may preserve assessment of left ventricular
performance in prospective triggering.
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1. Introduction prospective triggering. Retrospective EKG gating mode is
performed with helical acquisition (patient/table is con-
tinuously advanced during the gantry rotation) with the
X-ray tube turned on throughout the entire cardiac cycle.
Data from the most motion-free phase (diastasis usually
occurs in mid-diastole) are then reconstructed for analy-

sis. By contrast, prospective EKG triggering involves

The assessment of cardiac output (CO) is an integral
component of cardiovascular evaluation. The gold stan-
dard is invasive right-heart catheterization, but non-in-
vasive imaging modalities include echocardiography,
cardiac magnetic resonance imaging, and cardiac com-

puted tomography (CT) [1,2]. CT coronary angiography
(CTCA) uses electrocardiogram-gated image acquisition
after contrast administration when a predetermined level
of contrast opacification is reached to obtain high-reso-
lution, three-dimensional depictions of both the cardiac
structures and the coronary vessels [3]. Depending on the
scanner, two acceptable methods exist: automatic bolus
tracking or the timing bolus method for determining the
contrast transit time. The entire CT data set, synchro-
nized to the electrocardiogram (EKG), is acquired using
either one of two different modes: retro spective gatingor
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axial acquisition (table intermittently advances, usually
with each heart beat) with the X-ray tube on during dias-
tasis only [3].

To determine CO by CT, retrospective EKG gating is
most commonly used for anatomic assessment of the left
ventricular volumes. Recent emphasis on radiation mini-
mization [4], however, has resulted in more frequent use
of prospective triggering. Anatomic methods for calcula-
tion of CO cannot be applied to prospectively triggered
images, since these images are obtained only during di-
astole. Therefore, it would be desirable to retain easily
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the ability to assess hemodynamic information from pro-
spectively triggered CT coronary angiography (CTCA)
in addition to evaluating the coronary arteries.

Cardiac output by invasive catheterization can be de-
termined by the thermodilution method [5], in which the
temperature change resulting from the injection of cold
saline at a proximal catheter port as measured from its
distal end is assessed. Such methodology has been repli-
cated determining a contrast-based time-enhancement curve
by gamma variate to exclude recirculation and cardiac
output determination by the Stewart-Hamilton equation
[6-8], but a simpler calculation that does not require de-
dicated software tools would be advantageous for adop-
tion. Analogous to this method, we hypothesized that CO
may be inversely to peak aortic root contrast attenuation
(PARCA) as faster contrast washout from the aortic root
during timing bolus scanning may occur with higher
output, as suggested by preclinical study [9]. To deter-
mine the feasibility and validate this hypothesis, PARCA
and other physiologic parameters derived form the timing
test-bolus data were correlated with echocardiographic
assessment of CO.

2. Methods
2.1. Study Cohort

We conducted a retrospective analysis of patients who
underwent both echocardiography and CTCA within the
same year at a tertiary academic medical center between
January 2007 and May 2010.

Subjects included in the study had no documented
change in clinical status between echocardiography and
CT (n = 34). Three CT studies with poor acquisition of
images (e.g., breathing during timing bolus acquisition)
were excluded from the study. If multiple echocardio
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grams were present for the same patient, the echocardio-
gram closest in temporal proximity to the CT was chosen.
Charts were reviewed for demographic information, in-
cluding age, gender, height and weight, and the CTCA
indication. The institutional review board at the center
approved the study, and the need for written informed
consent was waived.

2.2. CTCA Protocol

Patients underwent CTCA performed with 64-row multi-
detector CT (GE Lightspeed VCT, GE Healthcare; Wau-
kesha, Wisconsin) using a timing test-bolus method to
optimize image acquisition (120 kV, 100 mA, 5 mm slice
thickness). All patients were in sinus rhythm and treated
with metoprolol tartrate (American Regent Laboratories;
Shirley, New York) to achieve a resting heart rate less
than 65 beats per minute. Timing bolus was performed
with 20 ml iodixanol (Visipaque, GE Healthcare; Cork,
Ireland) at 5.5 ml/s followed by 20 ml normal saline
(Braun; Irvine, California) at 5.5 ml/s through an 18-Ga
antecubital catheter. The timing test-bolus images were
performed using a low-milliamperage-second technique,
beginning at 8 seconds and concluding at 34 seconds
after the initiation of contrast injection, with images ob-
tained every 2 seconds at the level of the aortic root dur-
ing end-inspiratory breath hold. A representative series
of images is shown in Figure 1.

Subsequent diagnostic scanning was performed apply-
ing the timing bolus results. Prospectively-triggered CCTA
(0.625 mm collimation) was performed using a tube vol-
tage of 120 kVp and a weight-based determination of mA.
For the purposes of this study only the timing test-bolus
data was evaluated, and correlated with echocardiogra-
phic data.
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Figure 1. Representative timing test-bolus images with region of interest (yellow circle) beginning at 8 seconds and conclud-
ing at 34 seconds with images obtained every 2 seconds at the level of the aortic root.
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2.3. Transthoracic Echocardiography

Echocardiographic images (Philips 1E-33; Andover, Ma-
ssachusetts) were analyzed on an Agfa Heartlab (Ridge-
field Park, New Jersey) workstation. Echocardiographic
data recorded for analysis included left ventricular end-
diastolic volume (LVEDV) and left ventricular end-sys-
tolic volume (LVESV) by biplane Simpson’s method and
HR [10]. CO calculated by echo was determined by HR *
stroke volume (SV = LVEDV - LVESV).

2.4. Study Measurement Methodology

The peak aortic root contrast attenuation (PARCA) was
determined by measurement of peak Hounsfield units
(HU) in region-of-interest (ROI) analysis within the aor-
tic root for all fourteen images of the transit bolus scan.
An area of approximately 60% - 80% of the lumen was
selected. The ascending aorta cross-sectional area at the
time of PARCA was also measured in cm?.

2.5. Statistical Analysis

Demographic data are reported as mean * standard de-
viation (SD). Pearson correlation coefficients (r) with two-
tailed p values were calculated for the linear relationship
between PARCA and CO and also between PARCA and
Cl in all patients. After a minimum of four weeks to
minimize recall bias, the PARCA measurements were
repeated by the original reader for intra-ob server vari-
ability assessment and by a second blinded independent
reader for inter-observer variability. Correlation was simi-
larly assessed to compare the Stewart-Hamilton-based
CO with the echo-based CO. Based on previous studies
by Garrett et al. and Mahnken et al. [6,8], time-enhance-
ment curves were calculated for determination of CO
from the test-bolus data via a similar ROI analysis as de-
scribed above. The time-enhancement curves were trans-
ferred to a separate computer equipped with a dedicated
software tool for the calculation of CO based on the
Stewart Hamilton equation:

CO-=- Q
c(t)dt

o—3

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

Other correlations include the time to PARCA and
PARCA upslope: the former was based on the time(s) it
took to reach the peak aortic root contrast attenuation,
which was calculated depending on which image the
maximal HU were obtained with the first image being
taken after 8 s and each following image being taken
every 2 s thereafter; the latter was calculated based on the
HU in the ascending aorta when it peaks divided by the
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time taken for it to peak. Similar to a previous study [11],
PARCA was also correlated to the various LV parame-
ters: LVEF, SV, LVEDV, and LVESV. p values < 0.05
were considered statistically significant. A linear regres-
sion for the relationship between PARCA and CO was
also completed. We derived a formula for the estimation
of CO based upon these relationships. Pearson correla-
tion coefficients were also performed for analysis of in-
tra-and inter-observer variability. A Bland-Altman analy-
sis was also performed to assess the agreement between
the two methods of CO estimation. Statistical calculations
were performed using the MedCalc version 11.3 (Mari-
akerke, Belgium) software package.

3. Results

Demographic information for the study cohort is detailed
in Table 1.

The mean time between echocardiography and CTCA
was 62 + 93 days. As expected due to beta blocker use
during CT, HR was lower during CTCA: 59 + 11 com-
pared to 68 + 14 bpm with echo (p < 0.001).

By echo, mean SV, CO, LVEF and cardiac index (Cl)
were 67 £19ml, 4.5+ 1.6 L/min, 61 + 6% and 2.2 £ 0.7
L/min/m?, respectively. PARCA was 207 + 46 HU and
correlated to CO and CI with r = -0.64, p < 0.0001 (Fig-
ure 2) and r =-0.55, p < 0.001 (Figure 3), respectively.
Stewart-Hamilton-based CO correlated with r = 0.43, p <
0.001. The linear regression analysis using PARCA es-
timates CO = —-0.02*PARCA + 9.1. Results of the Bland
Altman analysis are seen in Figure 4.

Table 1. Characteristics of study cohort.

Features Value
Sex
Female, n (%) 18 (52.9 %)
Male, n (%) 16 (47.1%)
Age, y, mean + SD* 58.2+12.7
Body Mass Index, kg/m?, mean + SD* 29674
Body Surface Area, m?, mean + SD* 20+0.3
Race
White, n (%) 16 (47.0%)
Black, n (%) 14 (41.2%)
Other, n (%) 4 (11.8%)

Indications for CTCA™

Chest Pain, n (%) 19 (55.9%)

Other, n (%) 4 (11.8%)
Dyspnea, n (%) 3 (8.8%)
Arrythmia, n (%) 2 (5.9%)
Syncope, n (%) 2 (5.9%)
Abnormal Stress Test, n (%) 2 (5.9%)
Aortic Dissection, n (%) 2 (5.9%)
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Figure 2. The relationship between peak aortic root con-
trast attenuation (PARCA) and cardiac output (CO).
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Figure 3. The relationship between peak aortic root con-
trast attenuation (PARCA) and cardiac index (CI).
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Figure 4. The Bland-Altman relationship between cardiac
output (CO) by the PARCA method and cardiac output by
the Simpson’s biplane method.

Representative timing bolus curves from a high CO
and low CO patient are seen in Figures 5(a) and (b), re-
spectively. The intra-observer agreement was determined
to be 0.99 by Pearson correlation coefficient for PARCA
measurements (Figure 6(a)). Additionally, inter-observer
agreement was computed to be 0.95 (Figure 6(b)).

Copyright © 2012 SciRes.

ET AL.

w
(=4
S

N
W
(=}

N
(=3
S

—
(=3
S

Aortic Root Contrast
W
=)
i

Attenuation (ARCT)(HU)
W
=)

(=]

8 12 16 20 24 28 32 36
Time(s)
(a
300y

250 h
N
N
100 / \

/ \—o—'
SOV

0

Aortic Root Contrast
Attenuation (ARCT)(HU)

8 12 16 20 24 28 32 36
Time(s)

(b)

Figure 5. Representative timing bolus curves for a high car-
diac output patient (a) and low cardiac output patient (b).

We tested PARCA against other potential correlates.
The time to PARCA was 20.0 + 1.8 s and correlated to
CO and Cl withr =-0.13, p=0.46 and r =07, p = 0.69.
The PARCA up-slope was 10.3 £ 2.7 HU/s and corre-
lated to CO and CI with r =-0.12, p = 0.50 and r = -0.15,
p = 0.40. The PARCA*HR was 12141.4 + 3805.8 HU*
beats/min and correlated to CO and CI with r = -0.34,
p < 0.05 and r = -0.27, p = 0.12, respectively. The
PARCA*Cross Sectional area within the ascending aorta
was 1185.8 + 407.5 HU*cm? and correlated to CO and
Cl withr =-0.24, p =0.17 and r =-0.18, p = 0.31. The
PARCA correlated to LVEF with r = -0.24, p = 0.17, to
SV with r =-0.61, p < 0.001, to LVEDV with r = -0.58,
p <0.001, and to LVESV with r =-0.42, p < 0.05.

4. Discussion

CTCA has the ability to provide crucial anatomic infor-
mation about the coronary arteries and myocardium, and
physiologic data such as cardiac output. The non-inva-
sive measurement of cardiac output by CT has tradition-
ally required assessment of end-systolic and end-diastolic
volumes, acquired during retrospective-gating. In this
study, however, we show that prospective CTCA studies
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Figure 6. The intra-observer (a) and inter-observer (b) vari-
ability by Pearson correlation coefficient for PARCA meas-
urements.

may retain the ability to predict cardiac output based on
contrast dynamics in an easily obtainable and reproduci-
ble way. Our study demonstrates that CO is inversely
related to PARCA (Figure 2). Similar results were ob-
served after accounting for body size (Figure 3). As pre-
clinical models suggest [9,12] the most important pa-
tient-related factor affecting the timing of contrast en-
hancement is cardiac output. As seen in Figures 5(a) and
(b), the circulation of contrast medium slows and the
magnitude of peak aortic enhancement increases with a
reduction in CO [9,12].

Coupled with other techniques [13], CT may provide
more comprehensive non-invasive hemodynamic assess-
ment, which could broaden the applications of this tech-
nology. Furthermore, PARCA is easily reproducible and
does not require complex software algorithms. The value
of cardiac CT may increase as it replaces more of the in-
dications for invasive angiography.

5. Limitations

Our study has several limitations. As there was no docu-
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mented change in clinical status, we assumed that the
hemodynamic status was comparable for both studies.
Being a retrospective analysis, the CTCA and echocar-
diography studies were not performed concomitantly and
the temporal proximity between the two studies was not
ideal.

We compared two different noninvasive methods in
this study; however, invasive measurement by a cardiac
catheterization would provide the most accepted gold
standard assessment. As mentioned above, the HR was
lower during the CTCA vs. echo, which may affect the
results—cardiac output may have decreased as a result of
beta blocker administration for the CTCA, but as beta
blockade was consistently applied for the patients in the
study, it may not change the effect on correlation to
echo-determined cardiac output. Also, our findings are
limited to patients without significant cardiac output ab-
normalities, and the number of patients with significantly
decreased ejection fraction was limited. In a prior study
evaluating cardiopulmonary transit time with MR an-
giography [14], the transit time was increased with de-
creased LVEF; however, poor temporal resolution with
timing bolus by CT may prevent the verification of such
a finding.

6. Conclusion

This novel method for CO estimation by CTCA appears
feasible. The CT physiologic parameters using the timing
test-bolus data moderately correlated with echocardio-
graphic assessment of cardiac output. The clinical use-
fulness of this parameter is uncertain in the absence of
further clinical validation. Nevertheless, the calculation
of CO adds important hemodynamic data to anatomic
information provided by CTCA, and further development
of this method may preserve assessment of left ventricu-
lar performance in prospective triggering.
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