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Abstract Assessment of the left atrial appendage (LAA)
for thrombus and anatomy is important prior to atrial fib-
rillation (AF) ablation and LAA exclusion. The use of
cardiovascular CT (CCT) to detect LAA thrombus has been
limited by the high incidence of pseudothrombus on single-
pass studies. We evaluated the diagnostic accuracy of a two-
phase protocol incorporating a limited low-dose delayed
contrast-enhanced examination of the LAA, compared with
a single-pass study for LAA morphological assessment, and
transesophageal echocardiography (TEE) for the exclusion
of thrombus. Consecutive patients (n = 122) undergoing
left atrial interventions for AF were assessed. All had a two-
phase CCT protocol (first-past scan plus a limited, 60-s
delayed scan of the LAA) and TEE. Sensitivity, specificity,
diagnostic accuracy, positive (PPV) and negative predictive
values (NPV) were calculated for the detection of true
thrombus on first-pass and delayed scans, using TEE as the
gold standard. Overall, 20/122 (16.4 %) patients had filling
defects on the first-pass study. All affected the full delin-
eation of the LAA morphology; 17/20 (85 %) were con-
firmed as pseudo-filling defects. Three (15 %) were seen on
late-pass and confirmed as true thrombi on TEE; a signifi-
cant improvement in diagnostic performance relative to a
single-pass scan (McNemar Chi-square 17, p < 0.001). The
sensitivity, specificity, diagnostic accuracy, PPV and NPV
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was 100, 85.7, 86.1, 15.0 and 100 % respectively for first-
pass scans, and 100 % for all parameters for the delayed
scans. The median (range) additional radiation dose for the
delayed scan was 0.4 (0.2-0.6) mSv. A low-dose delayed
scan significantly improves the identification of true LAA

anatomy and thrombus in patients undergoing LA
intervention.
Keywords Cardiovascular CT - Left atrial appendage -

LAA thrombus - AF ablation - Atrial exclusion devices

Introduction

The advent of percutaneous AF ablation and subsequently
left atrial appendage (LAA) closure procedures has led to
an exponential growth in left atrial (LA) interventions [1,
2]. In patients with non-valvular AF, 90 % of the thrombi
responsible for stroke are thought to originate in the LAA
[3, 4] and all LA interventions are contraindicated in the
presence of clot due to the high risk of subsequent
thromboembolic events [5].

LAA exclusion is at least as effective, if not better than,
warfarin in reducing AF sequelae such as stroke, death and
mitral valve intervention [1]. Such procedures are undertaken
in isolation or at the same time as ablation procedures to treat
the underlying AF, and as with the latter, require the exclusion
of thrombus prior to intervention, as well as accurate delin-
eation of LAA anatomy for device selection [6, 7].

Currently, Doppler transesophageal echocardiography
(TEE) is considered the gold standard technique for the
detection of LAA thrombus [8-11]. However, TEE, when
used purely to exclude thrombus at the time of AF ablation,
is a time consuming, semi-invasive test which requires
conscious patient sedation and special operator skills [12].
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Prior to LAA exclusion or AF ablation, cardiovascular
CT (CCT) images may be used to assess the LA, LAA,
pulmonary veins and adjacent structures [2, 13]. Addi-
tionally, CCT may detect LAA thrombus which is
demonstrated as a filling defect [2]. It can provide valuable
information for guiding device selection, assessing early
procedural success, and determining medium-to-long term
outcomes [2, 14]. It is often performed prior to AF ablation
to assess the number, location and size of the pulmonary
veins, as well as the size and morphology of the LA,
including any additional LAAs or diverticulae [15]. This
data is often fused with electrophysiological maps using
various electro-anatomic mapping systems, such as the
Cartomerge ™ Image Integration Module [16, 17].

Itis well known that the absence of a LAA filling defect on
CCT allows confident exclusion of thrombus with a sensi-
tivity and negative predictive value of 100 %, thus obviating
the need for further TEE assessment at the time of inter-
vention [18, 19]. However, the converse is not true; apparent
filling defects on CCT do not always correspond to thrombus
but may represent ‘pseudo-thrombus’ due to circulatory
stasis [20]. The addition of a delayed acquisition is known to
reduce false positive rates and is a reliable alternative to TEE
for the detection of LA/LAA thrombus, avoiding the dis-
comfort and risks associated with TEE [21]. However, the
high resultant doses of these dual-phase acquisitions have, to
date, limited their use in routine clinical practice.

Poor delineation of the distal LAA may also potentially
lead to problems when considering patients for LAA
exclusion, both when determining the size of the device
and the dimensions of the landing site for internally
deployed devices, but equally for determining a patient’s
suitability for an epicardial LAA closure procedure using
the Lariat suture device (SentreHEART, California, USA)
[22]. No previous studies have looked at the effect of
pseudo-filling defects on the accurate visualisation of the
LAA anatomy prior to LAA exclusion and the potential
improvements using delayed image acquisitions.

The aim of this study was to assess the diagnostic per-
formance relative to TEE and the additional radiation burden
of a low-dose, dual-phase CCT protocol, incorporating a
limited 60-s delayed scan (to allow equilibration of contrast
and the blood pool), in an attempt to more accurately
determine LAA anatomy and exclude true LAA thrombus.

Materials and methods
Patient selection
Consecutive patients with refractory AF referred for left

atrial intervention underwent a clinically indicated TEE
and a CCT for exclusion of LAA thrombus and for
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anatomical evaluation of the left atrium, pulmonary veins
and LAA. All patients had a dual-phase contrast CCT
protocol comprising a standard and a 60-s delayed scan.

This clinical data is usually integrated with the Car-
tomerge electrophysiology mapping system (Carto, Bio-
sense Webster, California, USA) prior to AF ablation
procedures. For patients undergoing LAA exclusion, the
CT data is also used to assist in determining the most
appropriate exclusion device (Watchman, Amplatz Cardiac
Plug (ACP), Lariat etc.) and approach.

Informed consent was not required by our institutional
review board as the dual-phase protocol introduced into
routine clinical practice was deemed to be a service
improvement that would improve diagnostic accuracy in
clinically indicated routine CT studies with minimal
increase in radiation burden. This was based on evidence
from previously published data from similar studies in
patients with previous stroke [23]. The study cohort con-
sists of consecutive cases retrospectively reviewed after the
change in practice.

CT image acquisition and interpretation

All patients were scanned using a Siemens Somatom
Definition Flash Dual Source CT (Siemens, Forchheim,
Germany). A prospective ECG-gating technique was used
with full tube current applied at 70 % of R-R for
stable heart rates <60 beats per minute, or at 60-80 % of
R-R for unstable heart rates <60 beats per minute, or at
30-70 % of R-R for heart rates of 61-70 beats per minute.
Exposure parameters were adjusted according to patient
size. Scans were performed at 80 kV and 400 quality ref-
erenced mAs [for patients with a body mass index
(BMI) < 20 kg/m?], 100 kV (300 mAs) or 120 kV (200
mAs) (for BMI > 30 kg/mz). Images were reconstructed
using filtered back-projection at 0.75 mm slice width,
0.5 mm slice increment.

The median time between the CT and the TEE investi-
gation was 2 days (IQR 1-3 days). Whole heart scanning
was routinely performed, as the gross coronary anatomy is
often deemed helpful to the referring clinician. A total of
90 ml of contrast (Ultravist 370, Bayer Healthcare,
Whippany, New Jersey, USA) was administered at 6 ml/s.
The standard scan was performed using a test bolus tech-
nique for scan timing. The delayed scan was performed
60 s following the beginning of the standard scan to allow
contrast equilibration within the blood pool. The delayed
scan was planned at the level of the carina and extended
4-8 cm caudally to include the LAA but not the whole
heart, to minimise unnecessary radiation exposure.

All CCT data sets were reviewed by two Society for
Cardiovascular Computed Tomography level III accredited
radiologists, blinded to patients’ cardiac thythm and TEE
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data. Disagreements between observers were resolved by
consensus. The LAA was qualitatively assessed for filling
defects on both standard and delayed images. The LAA
was categorized as having either no filling defect, a
pseudo-filling defect (a filling defect seen on standard
images but disappearing on delayed images) (Fig. 1) or a
persistent filling defect (seen both on standard and delayed
images) (Fig. 2). LAA morphology was classified into
chicken-wing, windsock, cactus and cauliflower types
using definitions previously described (Fig. 3) [2].

TEE image acquisition and interpretation

TEE was performed as part of the patient’s work up prior to
LA intervention using a Philips iE33 echocardiography
system and Omni III 5 MHz probe. The LAA was assessed
for thrombus at the mid-oesophageal level using 0, 45, 90
and 135 degree views; spectral Doppler was used to
quantify blood flow. Multiple standard images were
recorded on digital video in real time for display and off-
line evaluation. Of note, neither spontaneous echo contrast,
nor low LAA velocity alone met the criteria for determi-
nation of thrombus on TEE. A diagnosis of LAA thrombus
was made only after image review and agreement between
the echo physician performing the TEE and a senior echo
physician, blinded to CCT and other clinical data.

Statistical analysis

Categorical variables are expressed as frequencies and
percentages, continuous variables as mean + standard
deviation or median with interquartile range (IQR).
Categorical data were compared using Fisher’s exact or
Chi-square tests as appropriate. Where relevant, 95 %
confidence intervals for proportions were calculated
using the continuity-corrected efficient-score method
[24]. Paired comparisons of the performance of the sin-
gle-phase to the delayed-phase scan were performed
using McNemar’s test. Two-tailed values of p < 0.05

were considered statistically significant. All data were
analysed using MedCalc Version 12.3.0 (Medcalc,
Mariakerke, Belgium).

Results

A total of 122 consecutive studies were assessed (96 male,
median age 60 years, range 32-88 years); 65 (53.2 %)
patients were in AF at the time of the CCT scan. In all
cases, image quality was technically adequate for clinical
assessment.

The delayed-pass scan significantly improved diagnosis
of thrombus relative to the single-pass study (McNemar
Chi-square: 17, p < 0.001) (Table 1). Filling defects were
detected in 20/122 (16.4 %) patients on the first-pass study.
Of these, 17/20 (85 %) were confirmed as pseudo-filling
defects and did not allow full delineation of the true LAA
morphology (Fig. 4). The remaining 3/20 (15 %, or 2.5 %
of total cohort) were also seen on late-pass imaging and
confirmed as true thrombi on TEE. The sensitivity, speci-
ficity, diagnostic accuracy, PPV and NPV of CCT detection
of true thrombus were 100, 85.7, 86.1, 15.0 and 100 %
respectively for first-pass scans and 100 % for all param-
eters for the delayed scans. With regard to the latter
parameters, the 95 % confidence intervals for sensitivity,
specificity, diagnostic accuracy, positive and negative
predictive values were: 31.0-100, 96.1-100, 96.1-100,
31.0-100, and 96.1-100 % respectively. In total, 16/17
(94 %) pseudo-filling defects were seen in patients who
were in AF at the time of the CT scan versus 1 (6 %) in
sinus rhythm (p < 0.01).

The distributions of LAA morphologies for patients with
and without filling defects on first pass imaging were sig-
nificantly different (p < 0.001) and are summarised in
Table 2. There was higher preponderance of windsock and
cauliffower morphologies amongst those with filling
defects and a lower prevalence of the chicken-wing and
cactus conformations.

Fig. 1 Left atrial appendage pseudo-thrombus. There is a filling defect in the left atrial appendage (arrow) in the standard scan (a) which
disappears in the delayed scan (b). There is no evidence of thrombus on the corresponding transesophageal echocardiogram (c)
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Fig. 2 Left atrial appendage thrombus. There is a filling defect in the left atrial appendage (arrow) in the standard scan (a) which persists in the
delayed scan (b) and is confirmed on a transesophageal echocardiogram (c)

Fig. 3 Left atrial appendage morphologies: windsock (a); cauliffower (b); chicken-wing in the retro-pulmonary artery configuration (c); and
cactus with dominant lobe (white arrow) and minor lobes (arrow heads) (d)

Table 1 Patients with filling defects on standard and delayed cardiovascular computed tomography scans and evidence of thrombus on trans-
esophageal echocardiography

Standard scan Delayed Scan
Filling defect 3 17 3 0
No filling defect 0 102 0 119
TEE findings Thrombus No thrombus Thrombus No thrombus

TEE transesophageal echocardiography
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Fig. 4 Left atrial pseudo-filling defect (a first-pass, e late-pass)
causing a potentially erroneous assessment of LAA dimensions (b vs.
f). Having calculated a landing zone (10-20 mm) for a Watchman

The median radiation dose (range) for the dual-phase
protocol was 3.5 mSv (2.1-5.2 mSv), with a dose-length
product (DLP) of 251 mGy cm (150-374). The median
radiation dose (range) for the delayed scan only was
0.4 mSv (0.2-0.6 mSv) or DLP 32 mGy cm (19-45),
which corresponds to an 11.4 % increase in radiation dose
when compared to the standard scan alone.

Discussion

Our study demonstrates that in patients with a history of
AF undergoing CCT for LA assessment before atrial
intervention, a 60-s, low-dose, delayed CT acquisition,

Table 2 Distribution of left atrial appendage morphologies among
patients with and without filling defects on standard cardiac computed
tomography scans

LAA Filling No filling
morphology defect [n (%)] defect [n (%)]
Chicken-wing 5 (25.0) 53 (52)
Windsock 8 (40.0) 31 (30.4)
Cactus 2 (10.0) 13 (12.7)
Cauliflower 5 (10.0) 5(4.9)

device (c), measurements in the plane of implantation are signif-
icantly smaller in the first pass study (d) compared with the delayed
scan (g)

limited to the LAA, is able to more accurately delineate the
LAA anatomy when compared with a single pass approach,
and accurately excludes LAA thrombus when compared to
the gold standard of TEE. The addition of this limited
additional scan results in only a small additional radiation
dose, and no additional contrast is required.

This study reaffirms that true LAA thrombus is a rela-
tively uncommon finding just prior to LA intervention
(2.5 %), as the majority of these patients are anticoagu-
lated. However, false positives are not uncommon
(13.9 %), particularly in patients who are in AF at the time
of the study. It confirms the high diagnostic accuracy,
sensitivity and negative predictive value of CCT. Several
previous studies have demonstrated that standard single-
phase CCT has a high sensitivity and negative predictive
value (93-100 and 99-100 % respectively) for LAA
thrombus detection, but the technique has historically been
limited by a low specificity and positive predictive value
(67-98 and 15-93 % respectively) [18, 19, 25-31], due to
pseudo-filling defects.

It should be noted that in our study, pseudo-thrombus
was much more common in patients who were in AF at the
time of the scan. This is likely to be due to circulatory
stasis and subsequent poor mixing of blood and contrast in
the LAA [32]. LAA flow is known to be particularly poor
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in patients in AF and explains the predominance of this
finding in those in AF at the time of CT acquisition [32].
This concurs with previously published data in stroke
patients that also demonstrated that pseudo-thrombus is
more common in AF patients undergoing CT angiography
compared with patients in sinus rthythm [20]. We speculate
that LAA pseudothrombus, analogous to low LAA flows on
TEE, may be a harbinger of increased thromboembolic
risk. There was a lower prevalence of the chicken-wing
morphology amongst those with LAA pseudothrombus, in
keeping with the findings of Di Biase et al. [33], who found
this morphology to be associated with a lower incidence of
stroke. There was a correspondingly higher prevalence of
windsock and cauliflower types amongst those with pseu-
dothrombus. These findings and their potential utility for
thrombosis risk stratification in patients with AF require
further study.

Previous studies [34, 35] have also demonstrated low
radiation doses of 0.5-1.25 mSv for single-phase, but not
delayed, prospectively-gated scans in stroke patients.
Although the meta-analysis of Romero et al. [21] suggests
that CCT with delayed imaging is a reliable alternative to
TEE for the detection of LA/LAA thrombus as pseudo-
filling defects disappear on the delayed scans, the associ-
ated radiation burden with older protocols has, to date,
limited its value and uptake in clinical practice. No
assessment of radiation dose was made in the large meta-
analysis referenced above, however, the authors comment
in their discussion that one of the major disadvantages of
CCT was the high radiation burden required (9-15 mSv).
One of the more recent, and lower dose studies, quoted
within the meta-analysis, demonstrated a baseline radiation
dose almost double that in our study (6.7 vs. 3.5 mSv) and
their late-pass study resulted in an additional dose almost
three times that demonstrated in our cohort (1.25 vs.
0.4 mSv) [35]. Our data demonstrate that using a limited
late-pass scan acquired with prospective gating, fully
diagnostic information can be obtained with minimal
radiation dose penalty.

We have previously published evidence for the value
of CT for the accurate delineation of the LAA when
considering exclusion of the LAA [2]; however this study
demonstrates the technical limitations and potential pit-
falls if only a standard first-pass CT acquisition is per-
formed. Accurate morphological classification, angles,
and measurements are all important data prior to LAA
intervention [2]. Pseudo-filling defects are important with
internal occlusion devices such as Watchman and
Amplatzer Cardiac Plug (ACP) devices as they may
change the dimensions of the proposed landing site
(Fig. 4d, g), and affect the size of the device selected by
the operator. However, they are also critical when con-
sidering exclusion with the epicardial suture-based Lariat

@ Springer

device as an inability to see the whole LAA may mean
that the tip of the LAA is not fully visualised (Fig. 4a)
and only when the late-pass study is performed can it be
seen whether the tip of the LAA sits behind the pul-
monary artery, or has additional lobes or architecture that
result in a maximum width exceeding 45 mm. Either of
these findings would make a lasso procedure impossible
to perform [2].

No previous studies have looked at the visualisation of
the LAA anatomy prior to LA exclusion using a combi-
nation of first-pass and delayed image acquisition. The low
doses in our study suggest that this technique is suitable for
routine clinical practice; however the doses could be fur-
ther reduced, if desired, by limiting the initial contrast
acquisition to the assessment of the atria only. Other groups
such as Hur et al. [36] have used a two-phase injection
protocol with a larger initial test bolus (50 ml) followed by
a delayed second bolus of contrast (70 ml) after 3 min, but
only a single scan at the 3 min time point to achieve similar
results, but at the expense of a larger total volume of
contrast. In our institution, the whole cardiac dataset is
deemed sufficiently useful to referrers to warrant the first-
pass study encompassing the whole heart in the scan range.
The late-pass study is acquired without further contrast
injection, thereby simplifying the protocol and minimising
contrast load, and is confined to the LAA only, incurring
minimal radiation dose penalty.

For patients who routinely undergo CCT prior to LA
intervention, we believe the benefit of fully delineating the
LA anatomy and excluding LAA thrombus with a delayed
scan outweighs the drawback of a small increase in radi-
ation dose when a delayed scan is performed using our
technique. Our results suggest that the exclusion of LAA
thrombus prior to LA atrial intervention for AF may be
achieved with a limited, 60-s delayed CCT, performed in
addition to the electrophysiologic mapping CT, with only a
small increase in radiation dose. This would obviate
exposing patients with detected thrombus to an unneces-
sary TEE, and save catheter laboratory time and patient
inconvenience by avoiding unplanned procedure cancella-
tion on the day of intervention.

Limitations

This is a single center study comparing the diagnostic
performance of a dual-phase CCT against the first-pass
study and TEE, the current gold standard imaging modality
for LAA thrombus detection, however, without correlation
with surgical or histopathological findings. Similar to
previous studies [35, 37, 38], our study is limited by a very
low prevalence of confirmed thrombi reflecting the fact that
the majority of these patients are anti-coagulated at the
time of examination. This resulted in relatively wide
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confidence intervals for both the sensitivity and positive
predictive values. However, our study data represent
24 months of consecutive patients referred to our high
volume center for this indication.

Finally, not all patients underwent atrial exclusion in
this cohort and further outcome studies are required to
confirm whether incomplete delineation of the LAA anat-
omy does indeed increase the potential for intervention or
device failure in a prospective study.

Conclusion

A limited, reduced-dose, delayed contrast enhanced CCT
scan of the LAA can reliably and fully delineate the LAA
and exclude thrombus in AF patients referred for LA
intervention. The addition of this low-dose, delayed scan
may reduce the interventional failure rate, both for internal
occluding devices and external lasso devices, and also
obviate the need for pre-procedure TEE for thrombus
exclusion in this patient group.
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