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Background:Multi-detector gated cardiac computed tomography (CCT) allows three-dimensional (3D) quantifi-
cation of cardiac chambers and is clinically indicated to assess left ventricular assist device (LVAD) malfunction
and complications. Automated volumetric analysis is, however, disrupted by inflow cannula artifact in patients
with LVAD. With this study, we evaluated intra-observer variability in semi-automated 3D cardiac volumetric
analysis using CCT in patients with LVADs.
Methods: Ten clinically indicated CCTs were studied retrospectively from 9 patients with LVADs. 3D chamber
quantification included left and right ventricles end-systolic and end-diastolic volumes (ESV, EDV); and left
and right atrial ESV. Derived measurements included cardiac output (CO), ejection fraction (EF), and stroke vol-
ume (SV). Automated volumetric analysis was performed, and manual corrections were added when necessary.
Absolute and relative differences, Bland-Altman plots, and interclass correlation coefficients (ICCs) were used to
assess intra-observer reproducibility for these measurements.
Results: Intra-observer reproducibility was excellent for volumetric (ICC N0.99) and derived data (ICC N0.91).
Comparing right vs left heart volumetric assessments, the former had a higher relative difference (atria 2.8% vs
1.6%, ESV 3.0% vs 1.9%, EDV 2.7% vs 1.3%), which also translated to a greater relative difference in right-side de-
rived data (CO 11.1% vs. 8.8%, EF 10.5% vs. 9.9%, SV 10.9% vs. 9.0%). Themean difference in left ventricular ejection
fraction was 0.4% (limits of agreement [LOA]:−2 and 3.2) and right ventricular ejection fraction was 1.2% (LOA:
−4.7 and 7.1).
Conclusions: Our results for semi-automated 3D volumetric analysis showed excellent reproducibility for both
volumetric and derived data.
Summary: Electrocardiography-gated cardiac computed tomography with semi-automated volumetric analysis
has excellent reproducibility in patients with left ventricular assist device making it imaging modality of choice
for functional assessment in this patient population, where cardiac magnetic resonance imaging is contraindi-
cated and transthoracic echocardiography may be limited by poor acoustic windows.
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1. Introduction

Computed Tomography (CT) is an essential diagnostic study in today's
clinical practice. This imagingmodality has gained considerable attention
over the past decade for its applicability inmanagement of cardiovascular
disease due to its increase availability andnon-invasive nature. In patients
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with systolic heart failure and left ventricular assist device (LVAD) im-
plant, the clinical indication of cardiac CT (CCT) is for evaluation of device
position, dysfunction, and thrombus formation [1,2].

Contrast between endocardial border and chamber cavity allows for
delineation of cardiac chambers, thus permitting volumetric and func-
tional analyses. Despite the fact that cardiac magnetic resonance
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Table 1
Baseline characteristics.

Variable Median or n (%)

Age (years) 61
Male 9 (90%)
Heart failure etiology
Ischemic cardiomyopathy 4 (40%)
Non-ischemic cardiomyopathy 6 (60%)
Race
African-American 8 (80%)
Caucasian 1 (10%)
Hispanic 1 (10%)
Type of LVAD
HeartWare 7 (70%)
HeartMate II 3 (30%)

382 G.S. Gill et al. / Cardiovascular Revascularization Medicine 20 (2019) 381–386
imaging (CMR) is the gold standard for ventricular function analysis, it
is contraindicated in patients with a metal LVAD implant. This renders
CCT as the best imaging modality for the estimation of cardiac chamber
volume and derived functional measurements [3–5]. When compared
to its alternative, the transthoracic echocardiography, CCT, while being
more expensive and limited in availability, allows for a better visualiza-
tion of right ventricular morphology and assessment of function and is
not limited by poor acoustic windows [6,7].

Traditionally, manual volumetric measurements with CCT use mod-
ified Simpson's summation of discs method where assumptions in
chamber shapes are used to calculate volumes, while in automated
analysis using various commercially available electrocardiography
Fig. 1. Semi-automated atrial analysis with Philips IntelliSpace Portal 7.0 software. Left atriu
ventricles (orange) in image e; pulmonary artery (yellow arrow) and aorta (red arrow) in im
pacer artifact (black arrow) and left ventricular assist device outflow canula artifact (white arr
(ECG)-gated software, accurate assessments throughmulti-slice images
are available in a timely manner.

The objective of this study is to evaluate the intra-observer variabil-
ity in quantitative three-dimensional (3D) volumetric analysis of all 4
cardiac chambers using electrocardiographic-gated CCT in patients
with LVADs [8].

2. Methods

2.1. Study population

Patient cohort was selected from among those being routinely
followed at the MedStar Advance Heart Failure Program and who
underwent CCT. Ten high quality clinically-indicated ECG-gated CCTs
with right and left heart contrast enhancement were chosen for this
study from patients with HeartWare (70%) and HeartMate II (30%)
LVADs (Table 1).

2.2. Imaging protocol

CCTwas performed on a 256-slice CT scannerwith 0.625mmdetector
collimation (Philips Brilliance iCT v. 3.2). Imaging technique included
ECG-gated 256-slice high-resolution helical CT scanning of the chest
from lung apices to diaphragm, and high-resolution thin cut axial images
were reconstructed at b1 mm slice thickness using iterative algorithm in
different phases from 0 to 90% (at increments of 10%) within R-R interval
and analyzed used Philips IntelliSpace Portal 7.0 software.
m (purple) in images a-e; right atrium (yellow) in images c and e; left (pink) and right
ages a and c; left atrial appendage (blue arrow) in images b, c and e; right ventricular

ow) in image e.



Fig. 2. Semi-automated ventricular analysis with Philips IntelliSpace Portal 7.0 software. Left ventricular cavity (pink) in images a and c; and right ventricular cavity (orange) in images b
and d.
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2.3. Assessment of atrial and ventricle volumes

Phases corresponding to end-systole and end-diastole were deter-
mined manually by measuring maximal left ventricular (LV) cavity di-
ameter in different ECG-gated phases described above.

Left and right atrial volumes were measured at end-systole using
Philips IntelliSpace Portal 7.0 software-based endocardial border detection
withmanual correctionwhile excludingpulmonaryveins andappendages.
Basal limits were defined by atrio-ventricular margins marked at the level
of mitral and tricuspid valve rings, respectively (Fig. 1).

Similarly, left and right ventricular volumes weremeasured at the end-
systole and end-diastole using the aforementioned software with manual
correction for automated endocardial border detection. Papillary muscles
and trabeculations were included in the LV cavity volume (Fig. 2). Myocar-
dial trabeculae andmoderator bandwere included in right ventricular cav-
ity volume. Interpolationmethodwas used for demarcation of LV chamber
margins in apical area due to artifact from the presence of inflow cannula.
Fig. 3. Software based 3-dimensional volume and derived measureme
Data, including stroke volume, ejection fraction, and cardiac output,
were derived from measured volumes in the software (Fig. 3).
2.4. Statistical analysis

The intra-observer reproducibility was performed by a single ob-
server twice at an interval of 30 days. We presented continuous vari-
ables from measured and derived data as either mean ± standard
deviations (SDs) or median depending on the distribution of the data;
absolute and relative differences between first and second time of anal-
ysis were calculated. Inter-class coefficients (ICCs) and 95% confidence
intervals (CIs) were analyzed with IBM SPSS Statistics Version 23
(Table 2). Limits of agreement (LOA), defined as the mean difference
ofmeasurements duringfirst and secondanalysis±1.96 SD,were calcu-
lated, and Bland-Altmann plotswere generated usingMicrosoft Excel to
assess for concordance (Figs. 4 and 5).
nts with automated calculations using ECG-gated coronary CTA.



Table 2
Volumetric and derived functional measurements of 4-cardiac chambers for heart failure patients with LVAD implant calculated using 3-dimensional volumetric analysis.

Variables 1st analysis 2nd analysis Difference absolute relative (%) ICC (95% CI)

Volumetric measurements
LAESV (mL) 154.7 (±67.1) 154.4 (±65.8) 0.3 (±3.2) 1.6 0.999 (0.996–1.000)
RAESV (mL) 209.2 (±81.7) 208.7 (±83.9) 0.5 (±6.7) 2.8 0.998 (0.994–1.000)
LVEDV (mL) 422.5 (±167.5) 423.2 (±162.5) −0.7 (±7.6) 1.3 1.000 (0.998–1.000)
LVESV (mL) 371.1 (±158.2) 373.6 (±154.8) −2.4 (±8.6) 1.9 0.999 (0.997–1.000)
RVEDV (mL) 287.8 (±96.6) 286.0 (±101.0) 1.8 (±9.8 2.7 0.998 (0.991–0.999)
RVESV (mL) 212.2 (±91.4) 214.3 (±92.5) −2.1 (±7.6) 3.0 0.998 (0.994–1.000)

Derived measurements
RVCO (L/min) 6.3 (±1.8) 6.0 (±1.8) 0.3 (±0.9) 11.1 0.939 (0.770–0.985)
LVCO (L/min) 4.3 (±1.6) 4.2 (±1.4) 0.1 (±0.5) 8.8 0.974 (0.902–0.993)
RVEF (%) 27.8 (±7.9) 26.5 (±6.9) 1.2 (±3.0) 10.5 0.947 (0.801–0.987)
LVEF (%) 13.2 (±4.6) 12.8 (±4.7) 0.4 (±1.5) 9.9 0.982 (0.928–0.995)
RVSV (mL) 75.6 (±19.9) 71.7 (±17.0) 3.9 (±10.3) 10.9 0.912 (0.670–0.978)
LVSV (mL) 51.3 (±16.0) 49.6 (±14.1) 1.7 (±5.6) 9.0 0.964 (0.864–0.991)

ICC= Inter-class Correlation Coefficient; LAESV= Left Atrial End Systolic Volume; RAESV= Right Atrial End Systolic Volume; LVEDV= Left Ventricular End Diastolic Volume; LVESV=
Left Ventricular End Systolic Volume; RVEDV=Right Ventricular EndDiastolic Volume; RVESV=Right Ventricular End Systolic Volume; RVCO=Right Ventricular Cardiac Output; LVCO
= Left Ventricular Cardiac Output; RVEF= Right Ventricular Ejection Fraction; LVEF= Left Ventricular Ejection Fraction; RVSV= Right Ventricular Stroke Volume; LVSV= Left Ventric-
ular Stroke Volume.
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3. Results

The median age of study population was 61 years with 80% African
American, 90% male, and 40% having ischemic cardiomyopathy as the
Fig. 4. Bland-Altman plots depicting intra-observer agreement for volumemeasurements. LAES
Left Ventricular End Diastolic Volume; LVESV= Left Ventricular End Systolic Volume; RVEDV=
cause of heart failure. Ten CCTs from 9 patients, performed at a median
of 1079 days from device implantation, were analyzed (Table 1).

Intra-observer reproducibility was excellent for volumetric (widest
ICC range 0.991–0.999 for right ventricular end-diastolic volume) and
V= Left Atrial End Systolic Volume; RAESV= Right Atrial End Systolic Volume; LVEDV=
Right Ventricular End Diastolic Volume; RVESV=Right Ventricular End Systolic Volume.



Fig. 5. Bland-Altman plots depicting intra-observer agreement for derived measurements. RVCO= Right Ventricular Cardiac Output; LVCO = Left Ventricular Cardiac Output; RVEF =
Right Ventricular Ejection Fraction; LVEF = Left Ventricular Ejection Fraction; RVSV= Right Ventricular Stroke Volume; LVSV = Left Ventricular Stroke Volume.
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derived data (widest ICC range 0.670–0.978 for right ventricular stroke
volume).

Minimum relative difference in volumetric datawas seen in left ven-
tricular end-diastolic volume at 1.3%, while maximum difference was
seen in right ventricular end-systolic volume at 3%. Similar difference
in reproducibility between left and right chamber volumes were also
seen in atrial measurements as well, with relative difference in mea-
surements for left atrial end-systolic volume at 1.6% and right atrial
end-systolic volume at 2.8% (Table 2).

As expected, derived data showed higher relative differences, with
the greatest difference in right ventricular cardiac output (11.1%).
Also, as mentioned above, the right-side volumetric assessments had a
higher relative difference when compared to left chambers (2.7–3.0%
vs 1.3–1.9%) which translated to greater relative difference in derived
data (10.5–11.1% vs 8.8–9.9%) as well (Table 2).

Results of intra-observer agreements in functional assessment were
promising with mean difference in left ventricular ejection fraction at
0.4% (LOA: −2 and 3.2) and in right ventricular ejection fraction at
1.2% (LOA:−4.7 and 7.1) (Fig. 5).

4. Discussion

Our study using semi-automated analysis showed excellent repro-
ducibility for volumetric measurement of cardiac chambers and for
left and right heart functional measurements, even in the presence of
significant artifact from LVAD outflow canula and the right ventricular
pacer wire.

CMR is the gold standard for cardiac volumetric functional analysis;
however, it cannot be performed in patientswith LVADs.While evaluat-
ing for device-related complications in these patients, CCT is themodal-
ity of choice and is frequently performed to assess device position,
dysfunction, and thrombus formation in addition to standard structural
analysis [1,2].

ECG-gated CCT provides images through different phases of the car-
diac cycle, which allows for the assessment of volumes, and has previ-
ously been shown to produce results comparable to CMR for
volumetric analysis in patients without these devices [9–11]. Tradition-
ally for volumetric analysis using this modality, manual assessment
with modified Simpson's method of disc summation is used, which re-
lies on assumption of chamber shapes for calculations [8]. In this
study, 3D automated volumetricmeasurementswere subjected toman-
ual correction due to loss in cavity-endocardial border distinction
caused by significant artifact from device and right ventricular pacer
wire. We used the interpolation technique to define limits of left ven-
tricular cavity in frames with artifact. This allowed for chamber quanti-
fication without geometric assumptions.

An alternate imaging modality which is less expensive and more
widely available is the echocardiography. However, CT images allow
for better visualization and are not limited by poor acoustic windows
[6,7]. In addition, volume analysis by echocardiogram also includes
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application of the modified Simpson's method of disc summation,
hence, making assumptions in cavitary shapes.

In this study, LOA demonstrated by Bland-Altman plots were nar-
row, and ICCs were excellent (N0.9) for volumetric and derived func-
tional data from both left and right cardiac chambers. ICCs were also
higher than those reported in the study by Garcia-Alvarez et al. where
modified Simpson's method was used to measure right ventricular vol-
umes (Table 2 and Fig. 4) [7]. Although it had higher relative differences,
derived functional data showed high ICCs, and the reproducibility was
acceptable (Table 2).

Results of this study were significant for consistently higher relative
differences in right cardiac volume and derived functional data, which
can be attributed to poorer contrast enhancement of endocardial border
in right-sided chambers when compared to the left. Also, derived mea-
surements showed greater differences, likely due to extremely low ejec-
tion fractions in these patients.

Using the multiplanar 3D analysis with interpolation as opposed to
modified Simpson's method may have a potential drawback, namely
difficulty in delineation of cavity limits in areas on metal artifact. How-
ever, maneuverability of the images along different axis allows for min-
imizing this artifact, thus resulting in high reproducibility, as in this
study.

CCTs have a growing availability today, especially in institutions
catering to LVAD populations. Studying the reproducibility of volumet-
ric analysis in this population is important for designing longitudinal
studies in the future. This modality can help identify cardiac response
to continuous flow with a more reliable assessment of remodeling in
all 4 chambers while defining cavity margins in multiple planes.
4.1. Study limitations

Being that the study is retrospective, image protocol was not opti-
mized to enhance the right cardiac chambers, leading to poor visualiza-
tion and higher variability on the side. Small sample size of the study
and limitation to intra-observer reproducibility may be taken into ac-
count when interpreting the results of this study.
5. Conclusion

Three-dimensional volumetric analysis using CCT, otherwise clini-
cally indicated for LVAD population, showed high reproducibility in
our study with narrow LOA and high ICCs. This imaging modality
would be a good choice for longitudinal studies designed to assess car-
diac remodeling in response to pressure and flow changes in the heart.
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