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a b s t r a c t

Background: Transesophageal echocard iography (TEE) is current ly the gold standard t echnique for d iag-
nosing left at rial appendage (LAA) thrombi. Cardiac computed tomography (CT) has been expect ed to
becom e an alternat ive m ethod to TEE; however, a reliable quant itat ive evaluat ion m ethod has not been
estab lished.
Methods and results: We enrolled 177 pat ien ts w it h persisten t atr ial fibrillat ion who underwen t both car-
d iac CT and TEE before catheter ablat ion. The pat ien ts w ere classified in to two groups according to the
TEE result s: th e t hrombus group (13 patient s) and non-t hrombus group (164 pat ien ts). The Hounsfield
unit (HU) density at the proxim al LAA (LAAp) and distal LAA (LAAd) was m easured on card iac CT im ages.
The LAAd/LAAp HU rat io and st andard deviation of HU density (HU-SD) at t he LAAd were evaluated. We
created an algorithm by decision t ree analysis t o predict LAA th rom bus form at ion using the HU rat io and
HU-SD. Definite absence of LAA throm bus (Cat egory-I) w as diagnosed for 139 pat ien ts by combining the
first and second branch ing of the decision t ree (Category-Ia: HU rat io of 0.26, Category-Ib: HU rat io
of <0.26, HD-SD of 26.94). Definit e presence of LAA thrombus (Cat egory-Ⅱ) was diagnosed for 3 pat ien ts
using the th ird branching of the decision t ree (Category-Ⅱ: HU rat io of <0.26 and HU-SD of <13.85).
Highly possib ility of LAA th rombus (Category-III), bu t not definite, was diagnosed for the rem ain ing 35
pat ien ts; therefore, these pat ien ts requ ired diagnost ic TEE. The diagnost ic accu racy of th is algor ithm
was 0.95 .
Conclusion: We have proposed a reliable algorithm to diagnose LAA throm bus form at ion using the HU
rat io and HU-SD.

2021 Published by Elsevier B.V. Th is is an open access art icle under the CC BY-NC-ND license (h ttp ://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. In t roduct ion

The m ost serious com plicat ion of at rial fibrilla t ion (AF) is sys-
tem ic em bolism originat ing from a th rom bus in the left at rium
[1–5]. Fibr illa tory w all m ot ion and the m orphological character is-
t ics of the left at r ia l appendage (LAA) resu lt in crit ically slow blood
flow , wh ich leads to th rom bus form at ion w ith in t he LAA [6–8].
Alt hough t ransesophageal echocard iography (TEE) is st ill th e gold
standard techn ique for d iagnosing the presence of an LAA throm -
bus [9 ,10], physicians and pat ien ts have longed for a less invasive,
safe and reproducib le alt ern at ive exam inat ion techn ique because

TEE is re lat ively invasive exam inat ion [11–13]. Fu rtherm ore , in
th e presen t era of t he ongoing COVID-19 pandem ic, TEE is t hought
to carry a he ightened risk of viral spread due to direct droplet
t ransm ission and/or viral aerosolizat ion and inhalat ion du ring
in sert ion /rem oval of the probe [14].

Cardiac com pu t ed tom ography (CT) is generally perform ed
before ca thete r ablat ion for AF becau se preoperat ive card iac
im ages are in tegrated w it h t he locat ions of t he elect rode catheters
on 3-dim en sional m app in g syst em s during the procedu re [10]. Pre-
cise evaluat ion of LAA throm bus form at ion using rou t ine preoper-
a t ive card iac CT m ay be clin ically usefu l; how ever, n o con sensus
has been establish ed regarding the use of card iac CT for assessm ent
of t he th rom bus risk before cathe ter ablat ion [10].

Our study group previously reported that the rat io of Houns-
field un it (HU) values at the proxim al and distal port ions of t he
LAA (HU rat io) was correlated w ith t he blood flow velocity in t he
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LAA [15]. Based on th is data , w e sough t to devise a novel and sim -
ple m ethod to accurately dist ingu ish betw een a pre -t h rom bot ic
statu s and th rom bus form at ion even in pat ien ts w ith a h igh risk
of th rom bosis. The purpose of th is stu dy w as to creat e a novel d iag-
nost ic algorithm usin g card iac CT im aging to im prove the diagnos-
t ic accuracy of LAA throm bus form at ion in pat ien t s w ith AF.

2. Methods

2.1. Study design

This w as a ret rospect ive case-con t rol study. The study protocol
w as approved by the Research Review Board of ou r University and
conducted in accordance w ith t he Declarat ion of Helsinki (Clin ical
Research Regist rat ion Number:27–238). Pat ien ts fu lfilled th e
inclusion cr iteria w ere successively en rolled in th is stu dy. In our
study, inform ed consen t w as obtained in t he form of opt -out on
the Kindai Universit y hospital w eb site. Those who reject ed w ere
exclu ded.

2.2. Patients

We screened 481 pat ien ts who had undergone both TEE and
card iac CT as preopera t ive exam inat ions for catheter ab la t ion of
AF from April 2014 to Sept em ber 2018. Pat ien ts w ith paroxysm al
AF were excluded because w e eva luat ed on ly pat ien ts at h igh risk
for LAA th rom bus form at ion . Pat ien ts w ith sinus rh ythm during
TEE or card iac CT exam inat ion w ere also excluded . Several st udies
have shown th at the probability of find ing LAA throm bus form a-
t ion by preoperat ive TEE before pulm onary vein isola t ion (PVI) is
qu ite low [16–19]. To collect requirem ent num ber of pat ien ts w ith
an LAA th rom bus (>10 pa t ien t s) for appropriate stat ist ical analysis
in t he present study, w e in it ia lly planned to extend our study
en rollm ent period only for the pat ien t s w ith LAA th rom bus,
because w e had assum ed that the incidence of LAA th rom bus
detect ion w as ext rem ely low .

The CHADS2 score, CHA2DS2–VASc score, LA dim ension and th e
left vent ricu lar eject ion fract ion w ere evaluated to st rat ify t he risk
of th rom boem bolism [20–22].

2.3. TEE

TEE was perform ed using an iE33 ult rasound m achine (Philips,
Am st erdam , Netherlands) w it h a 5-MHz transducer. A th rom bus
w as defined as a w ell-contou red hom ogeneous echogenic m ass
w ith in the LAA cavity [8]. Pat ien ts w ith an LAA th rom bus w ere
assign ed to the throm bus group, and pat ien ts w it hout an LAA
th rom bus w ere assigned to the non -t hrom bu s group .

2.4. Cardiac CT

A standard m ethod for card iac CT im aging and enhancem en t
(coronary CT angiography) w as u sed in the presen t study [15].
An elect rocard iograph ic-gated 64-slice CT system (GE Healthcare,
Chicago, IL, USA) was used to perform the card iac CT exam inat ion
w ith the test bolu s t racking m ethod. A 10-m L test bolus of the con-
t rast agent iopam idol (Iopam iron 370; Bracco Diagnostics, Milan ,
It aly) w as adm inistered to est im ate the scan t im ing. The m ain
bolu s of cont rast agen t (0.8 m L/kg of Iopam iron 370) w as then
in jected . The scan w as st art ed at the t im e of m axim um enhance-
m ent of th e ascending aor ta . The scan param eters w ere as follow s:
120 kV, 500–700 mA, 0.16 helical p itches, 350-m s gant ry rotat ion
t im e, and 0.625- 0.625-mm slice th ickness by in te rval. We con-
st ructed a card iac CT im age at 75%of the R-R in te rval to reduce th e
influence of geom et rical m ovem en t and b lood flow in the LA/LAA
th roughou t the card iac cycle.

2.5. Measurement of HU density and calculat ion of HU ratio

To est ablish an easier m ethod w ith which to detect t hrom bi in
th e LAA, w e m easu red th e HU density on card iac CT im ages w ith
m ed ical recording system s (Synapse; Fujifilm , Tokyo, Japan and
HOPE EGMAIN-GX; Fujit su , Tokyo, Japan ). The HU density w as
evalu at ed in a horizon tal sect ion w it h m axim um depict ion of t he
LAA cavity. Eigh t d ist inct poin ts w ere det erm ined at on e proxim al
and seven distal sit es of the LAA (LAAp and LAAd1–7, respect ively),
as shown in Fig. 1. The sam p ling poin t of LAAp was obt ained at t he
cen ter of the LAA orifice, and those of LAA d1–7 were ob tained at
th e 1/8 to 7/8 distal poin t s on a st raight line drawn from the flexion
poin t of the LAA posterior wall to the summ it of the LAA apex.
Because t he shape, angu lat ion and depth of LAA were various, in
a case in whom sim ultaneous visualizat ion of LAA-p and LAAd1-
7 w as im possible , w e m easu red the HU values of LAA-p at a differ-
ent horizont al sect ion . The averaged HU density of each sam p ling
poin t w as m easured w it h in the region of in terest (ROI), w hich
w as defined as a 10- to 11-mm 2 circle . Based on our experience,
th e length of ‘t he st raight line’ is approxim ately 30 mm or m ore,
and 1/8 (3 .8 mm ) of 30 mm is equivalent to the diam et er
(3 .6 mm ) of the 10-mm 2 circular ROI, therefore, w e d ivided ‘t he
st raigh t line’ in to eight equal part s and p laced the ROI at each of
th e seven dist al poin t s. The LAAd/LAAp HU rat io w as then calcu-
lat ed at each of t he e ight poin t s.

The left panel of Fig. 1 show s im ages from a represen tat ive
pat ien t in the non-th rom bus group (Pat ien t 1). No throm bus w as
detected by TEE (upper row ), and the peak em ptying flow velocity
w as 38.2 cm /s (m idd le row ). On the card iac CT im age (low er row ),
th e length of the st ra ight line w as 44.8 mm , and the ROI of t he
LAAd was placed at t he seven equally divided dist al poin t s on
th e st raigh t line. In t h is case, the HU densit y of LAAp was 426.2 ,
and that of each distal poin t (LAAd1–7) was 452.5, 426.7 , 404.6 ,
407.0, 410.1, 411.3, and 385.4, respect ively. The HU rat io at each
poin t (LAAd1–7) w as then calcu lat ed as 1.06 , 1.00, 0.95, 0.95 ,
0.96, 0.96, and 0.90, respect ively.

The righ t panel show s im ages from a rep resen tat ive pat ien t in
th e th rom bus group (Pat ien t 2). An LAA throm bus w as clearly
observed by TEE (upper row ), and the peak em ptyin g flow velocity
is 11.3 cm /s (m iddle row ). The cardiac CT im age show ed a cont rast
defect in th e distal sit e of LAA. The HU density of LAAp was 269.4 ,
and each d istal poin t (LAAd1–7) was 262.7, 262.4 , 244.6 , 189.8 ,
93 .8, 96.1, and 67.7 , respect ively. The HU rat io a t each poin t
(LAAd1–7) w as then ca lcu lated as 0.98, 0 .97, 0 .91, 0.70, 0.35 ,
0.36, and 0.25 , respect ive ly. The length of the st raigh t line w as
44.3 mm (low er row ).

2.6. Evalua tion of homogeneity in HU density

On cardiac CT im ages, LAA th rom bi are charact erized by hom o-
geneity and a low HU density [23 ,24]. Therefore, w e considered
th at eva lu at ion of hom ogeneity in areas of low HU density as rep-
resen ted by the st andard deviat ion of HU density (HU-SD) in the
LAA wou ld be usefu l to dist inguish betw een an LAA throm bu s
and slow blood flow .

2.7. Method to create a lgorithm for diagnosis of thrombus formation

We created an algorithm by decision t ree analysis using stat is-
t ical an alysis softw are (JMP version 10; SAS Inst itu te Inc., Cary, NC,
USA). The decision t ree analysis recu rsively part it ioned the da ta
according to t he relat ionsh ip betw een the exp lana tory variable
(p resence of throm bus) and object ive variables (HU rat io and
HU-SD). Th e cu t -off values of t he object ive var iab les to create a
bifu rcat ion in the decision t ree w ere determ ined by receiver oper-
a t ing characterist ic (ROC) cu rve analysis (w ith Youden index) and
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m axim al th e likelihood est im at ion . To creat e a sim ple, reliable, and
pract ical a lgor it hm for th rom bus diagnosis on card iac CT, our algo-
rithm was designed to be divided in t o three differen t categories as
follow s: Cat egory-I; defin ite absence of LAA throm bus, Cat egory-Ⅱ;
definite presence of LAA th rom bus, and Category-III; h igh possibil-
ity of LAA throm bus (ind ist ingu ishable on cardiac CT). Category-I
consist s of Category-Ia and Ib , w h ich are categorized by the HU
rat io and HD-SD, respect ively.

2.8. Sta tistica l analysis

All data w ere m easured and analyzed w ithou t know ledge of th e
pat ien t s’ clin ical backgrounds. The HU rat io and HU-SD at each
poin t in t he LAA (d1–7) w ere com pared using repeated-m easu res
analysis of variance and Tukey’s post -hoc test . The HU rat io and
HU-SD were com pared betw een the th rom bus group and non -
th rom bus group using Student ’s t t est . Univariate and m ult ivariat e
logist ic regression analyses w ere perform ed to det erm ine whether
any variables w ere related to th rom bus form at ion .

All stat ist ical an alyses w ith the except ion of in t raobserver and
in terobserver reliability w ere perform ed w ith JMP version 10
(SAS Inst itu te Inc.). A 2-sided p value of <0.05 w as considered sta-
t ist ically significant . To evalua te the in t raclass corre la t ion coeffi-
cients (ICCs), the HU density w as m easured tw ice by two
independen t card iologist s w ho were blinded to the TEE resu lt s.

3. Result s

3.1. Patien t characterist ics

Dur ing the study period from April 2014 to Sep tem ber 2018,
481 pat ien t s underw ent both card iac CT and TEE before PVI. Of
th ese, 175 pat ien ts w ith paroxysm al AF and 134 pat ien t s w ith
non-AF rhythm during either TEE or card iac CT were excluded .
Finally, 172 pat ien ts w ere enrolled. Because the num ber of pat ien t s
in t he throm bus group was m uch sm aller than that of pat ien ts in
th e non -throm bus group (8 [4.65%] vs. 164 [95.35%], respect ively)
un t il Sept em ber 2018, the study period w as extended to Decem ber
2019 on ly for pat ien ts w ith an LAA th rom bus, and w e thus regis-
te red an addit ional 5 pat ien t s w it h an LAA throm bus. Finally, 177
pat ien ts (13 in the th rom bus group and 164 in the non-t h rom bu s
group ) w ere analyzed (Fig. 2 ).

All pat ien ts h ad been t reated w ith warfa rin or direct ora l an t i-
coagu lan ts for an t icoagu lat ion . The m ean age in the t hrom bu s
group was h igher than that in t he non -th rom bus group (70 ± 10
vs. 64 ± 9 years, respect ively; p < 0.05).

The p roport ion of pat ien ts w it h d iabe tes w as h igher in t he
th rom bus group than in the non-th rom bus group (7 [53.85%] vs.
38 [23.17%], respect ively; p < 0.05). The CHADS2 score w as signif-
icant ly h igher in th rom bus group than in t he non -th rom bus group
(2 .2 ± 1 .4 vs. 1 .3 ± 1 .1 , respect ively; p < 0.01), (Table 1).

Fig. 1. Representative examples of presence and absence of LAAthrombus as observed by TEE and CT. A thrombus was defined as a well-contoured homogeneous echogenic m ass
w ithin the LAA cavity by TEE (upper row). The pat ien t w ith an LAA thrombus had a lower LAA blood flow velocity than the pat ient w ithout an LAA thrombus (m iddle row).
Cardiac CT of patients w ith an LAA thrombus showed a contrast -enhanced defect in the distal part of the LAA (lower row). The HU density was evaluated in a horizontal
section w ith m aximum depict ion of the LAAcavity. Eight distinct points were determ ined at one proxim al and seven distal sites of the LAA (LAAp and LAAd1–7, respect ively).
CT indicates computed tomography; HU, Hounsfield unit ; LAA, left at rial appendage; TEE, transesophageal echocardiogram .
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3.2. TEE and cardiac CT data

The blood flow velocit y of the LAAwas significan t ly lower in th e
th rom bus group than in t he non -th rom bus group (14.2 ± 3.8 vs. 26.
8 ± 14.4 cm /s, respect ively; p < 0.01) (Table 1 ). The in terval
be tw een the card iac CT and TEE exam inat ions w as 20.6 ± 33.9 days.
Th e am ount of cont rast agen t u sed w as 56.9 ± 9.4 m L, and the radi-
at ion dose w as 2129.7 ± 467.1 mGy cm (Tab le 1). Spon taneous
echo cont rast , w h ich w as classified in to grade 0 to 2 (i.e.: 0 = none,
1 = m ild to m oderat e and 2 = severe), w as observed sign ificant ly

h igh er in th e th rom bus group than in the non -th rom bus group (pa-
t ien t num ber in the grade 0, 1 and 2; 0/3 /10 vs 104/45/15 , respec-
t ively, p < 0.01), (Table 1 ).

3.3. HU ratio

Fig. 3 show s a com parison of the HU rat io at each sam pling site
(from d1 to d7) betw een the throm bus group and non-t h rom bus
group [pan el A1 and A2]. Both groups show ed a gradual decrease
in the HU rat io beyond the m iddle port ion of the LAA (from d4

Fig. 2. Study’s enrollment. AF indicates at rial fibrillation; CT, computed tomography; LAA, left at rial appendage; TEE, t ransesophageal echocardiogram .

Table 1
Patients’ background data.

All pat ients Non-thrombus group Thrombus group
n = 177 n = 164 n = 13 P Value

Age (SD) 65 (10) 64 (9) 70 (10) 0.03
Sex, m /f 132/45 122/42 10/3 0.83
HT 108 98 10 0.21
DM 45 38 7 0.02
CHF 30 27 3 0.56
St roke 18 16 2 0.54
CHADS2 (SD) 1.4 (1.1) 1.3 (1.1) 2.2 (1.4) <0.01
CHA2DS2 - VASC (SD) 2.3 (1.6) 2.3 (1.6) 3.2 (2.3) 0.07
EF, %(SD) 61 (11) 61 (11) 61 (12) 0.82
LAD, mm (SD) 45 (6) 44 (6) 47 (5) 0.1
In terval between CT and TEE, day (SD) 20.6 (33.9) 20.0(32.3) 28.2(50.7) 0.4
Ant icoagulat ion , warfarin /DOAC 14/163 11/153 3/10 0.08
CT exposure dose, mGy cm (SD) 2129.7 (467.1) 2143.7 (463.6) 1955.6 (495.2) 0.15

TEE
Empty flow , cm /s (SD) 25.8 (14.3) 26.8 (14.4) 14.2 (3.8) <0.01
Filling flow , cm /s (SD) 31.4 (15.1) 32.5 (15.1) 18.1 (5.5) <0.01
SEC, 0/1/2 104/48/25 104/45/15 0/3/10 ＜0.01

HU density
d1 (SD) 363.4 (56.1) 362.5 (55.7) 374.2 (62.6) 0.47
d2 (SD) 352.3 (59.0) 351.7 (59.6) 359.6 (52.3) 0.64
d3 (SD) 331.8 (66.1) 333.2 (66.3) 313.6 (62.7) 0.31
d4 (SD) 293.0 (79.1) 299.7 (74.2) 209.3 (94.1) <0.01
d5 (SD) 249.8 (100.6) 258.7 (94.9) 137.6 (106.8) <0.01
d6 (SD) 215.6 (110.5) 226.7 (106.8) 76.8 (37.2) <0.01
d7 (SD) 182.2 (103.8) 192.4 (100.9) 54.3 (24.7) <0.01

Data are presented as n or m ean ± standard deviation (SD).
CHADS2 indicates congestive heart failure, hypertension , age ( 75), diabetes mellitus, previous stroke/transien t ischem ic attack; CHA2DS2-VASc, congest ive heart failure,
hypertension, age 75 years, diabetes mellitus, st roke or transien t ischem ic at tack, vascular disease, age 65–74 years, sex category; CHF, congest ive heart failure; CT,
computerized tomography; DM, diabetes m ellitus; DOAC, direct oral ant icoagulan t; EF, eject ion fraction ; HT, hypertension; HU, Hounsfield unit ; LAD, left at rial dimension;
SEC, spontaneous echo contrast ; TEE, t ransesophageal echocardiography.
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to d7). The th rom bu s group showed a sign ificant ly low er HU rat io
than the non -throm bus group at the sites d istal to d4 to d7 (d4:
0.58 ± 0.27 vs. 0.83 ± 0.19, p < 0.0001; d5: 0.39 ± 0.32 vs.
0.72 ± 0.27, p < 0.0001; d6: 0.22 ± 0.11 vs. 0.63 ± 0.29 ,
p < 0.0001; d7: 0.15 ± 0.07 vs. 0.53 ± 0.28 , p < 0.0001, respect ively).
Th e ROC analysis for the relat ionsh ip be tw een the HU rat io at d7
and th rom bus form at ion show ed excellen t d iscrim inat ion for
th rom bus form at ion (area under the cu rve 0.90) [panel B]. The
op t im al cut -off value (w it h Youden index) of the HU rat io for
th rom bus form at ion w as 0.26 (sensit ivit y: 100%, specificity:
77 .44%). In 127 pa t ien t s w ith an HU rat io 0.26 , all pat ien ts w ere
in non -t hrombus group. In con t rast , a ll of 13 pat ien ts w ith th e
th rom bus group w ere in cluded in 50 pat ien ts w ith an HU rat io
of <0.26 .

In t raobserver reliability (ICC [1,1]) show ed alm ost perfect
agreem ent (LAAp: r = 0.33, LAAd7: r = 0.96 , HU rat io: r = 0.94),
as d id in terobserver re liability (ICC [2,1]) (LAAp: r = 0.34 , LAAd7:
r = 0.95, HU rat io: r = 0.94).

3.4. HU-SD

We evaluated 50 pat ien ts w ith an HU rat io of <0.26 u sing th e
HU-SD because a certa in percen tage of pat ien ts st ill had no LAA
th rom bus in th is su bgroup.

Fig. 4 show s th e difference in the HU-SD (i.e., h et erogene it y of
HU density) at d7 w ith and w ithou t a t h rom bu s [panel A]. The

HU-SD (d7) w as significan t ly low er in t he t h rom bus group than
in the non -th rom bus group (17.73 ± 4.77 vs. 23.79 ± 5.91 ,
p < 0.01). The ROC curve, w hich w as p lot ted w ith the HU-SD
again st the presence of an LAA throm bus, dem onst rated that an
HU-SD of 20.14 w as the best cu t -off value (w ith Youden index)
to d iscrim ina te an LAA throm bu s (area under th e cu rve: 0.79 , sen-
sit ivity: 84.62%, specificity: 52 .18%) [panel B].

In t raobserver reliab ility (ICC [1,1]) show ed substant ial agree-
m en t (d7: r = 0.65), as d id in terobserver reliability (ICC [2,1])
(d7: r = 0.65).

Fig. 5 show s a logist ic regression plot of the probabilit y of
th rom bus form at ion again st t he HU rat io a t d7 according to five
quan t iles of the HU-SD. As the HU rat io decreased , t he probability
of throm bus form at ion d ram at ically increased in subgroups w ith a
low HU-SD (homogeneous density).

4. Novel algor i thm to evaluate presence of LAA thrombus using
cardiac CT imaging

Fig. 6 and Table 2 show a cardiac CT based algorithm to de tect
th e throm bus in LAA by com bining th e values of HU rat io and HU-
SD at d7.

First , to d ist ingu ish the pat ien ts w it hout LAA th rom bus form a-
t ion , HU rat io (the cutoff value: 0 .26) w as applied to first branch ing
of a decision t ree. If pat ien ts h ad a HU rat io equal or m ore than

Fig. 3. Distribution of HU ratio in thrombus group and non-thrombus group at d1–7, and ROC analysis. A: The mean HU rat io in the thrombus group [A1] was significantly lower
from d4 7 than that in the non-thrombus group [A2] (t test , p < 0.01). B: The ROC analysis for the relationship between the HU ratio at d7 and thrombus format ion showed
excellen t discrim ination for thrombus format ion (AUC: 0.90). AUC indicates area under the curve; HU rat io, Hounsfield unit density rat io; ROC, receiver operat ing
characterist ic.
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0.26 , they w ere classified in to ‘‘Category-Ia” (n = 127[71.75%], d iag-
nost ic accuracy 0.79 [Table 2A]).

For the next step, the cu toff value of HU-SD equal or m ore than
26 .94 (w ith m axim al likelih ood est im at ion: probabilit y of non -
th rom bus is 0.99) w as applied to second branching of a decision
t ree. If pat ien ts had a HU rat io less th an 0.26 and HU-SD equa l or

m ore than 26.94 (i.e . low HU density but heterogeneous), they
w ere classified in to Cat egory-Ib (n = 12). And then , card iac CT
im aging su ccessfu lly excludes an LAA throm bus in 139 out of
177 (78.53%) up to the second step (Ca tegory-I; definit e absence
of LAA th rom bus com bined w ith Category-Ia and Category-Ib ,
d iagnostic accuracy 0.86 [Table 2B]).

Fig. 4. Distribution of HU-SD at d7 and ROCanalysis. A: The HU-SD at d7 was significantly lower in the thrombus group than in the non-thrombus group (t test , p < 0.01). B: The
ROC curve, which was plotted w ith the HU-SD against the presence of an LAA thrombus, demonstrated that an HU-SD of 20.14 was the best cut -off value to discrim inate an
LAA thrombus (AUC: 0.79). AUC indicates area under the curve; HU-SD, the standard deviat ion of Hounsfield unit density; LAA, left at rial appendage; ROC, receiver operat ing
characterist ic.

Fig. 5. Logistic regression plot of the probability of thrombus formation between subgroups. As the HU ratio decreased, the probability of thrombus format ion dram at ically
increased in subgroups w ith a low HU-SD. HU ratio indicates Hounsfield unit density rat io; HU-SD, the standard deviation of Hounsfield unit density.
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Fig. 6. Novel algorithm to evaluate presence of LAA thrombus. Among patients w ith an HU rat io of 0.26 (Category-Ia) or an HU ratio of <0.26 and an HU-SD of 26.94
(Category-Ib), no pat ients (n = 139) had a thrombus. Among the rem aining pat ien ts, those w ith an HU-SD of <13.85 (n = 3) were diagnosed w ith a thrombus by TEE (Category-
Ⅱ). Using th is algorithm , it was possible to dist inguish the presence or absence of an LAA thrombus in 142 out of 177 patien ts using CT alone. CT indicates computed
tomography; HU rat io, Hounsfield unit density ratio; HU-SD, the standard deviat ion of Hounsfield unit density; LAA, left at rial appendage; TEE, t ransesophageal
echocardiogram .

Table 2
The diagnostic accuracy of our algorithm .

A Category-Ia : HU rat io at d7 0.26

CT outcome Diagnostic accuracy

The remain ing Category-Ia Sensit ivity 1.00

Th group 13 0 Specificity 0.77
Non-th group 37 127 Accuracy 0.79

F value 0.41
NPV 1.00

B Category-I : Category-Ia + Category-Ib

CT outcome Diagnostic accuracy

Category-Ⅱ& III Category-I Sensit ivity 1.00

Th group 13 0 Specificity 0.85
Non-th group 25 139 Accuracy 0.86

F value 0.51
NPV 1.00

C Category-Ⅱ: HU ratio at d7 < 0.26 and HU-SD at d7 < 13.85

CT outcome Diagnostic accuracy

Category-Ⅱ Category-Ⅰ& III Sensit ivity 0.23

Th group 3 10 Specificity 1.00
Non-th group 0 174 Accuracy 0.95

F value 0.38
PPV 1.00

A: Confusion matrix for Category-Ia (HU rat io at d7 0.26) and the remaining pat ien ts. There were no pat ien t with thrombus group in th is category. The diagnostic accuracy
was 0.79.
B: Confusion matrix for Category-Ⅰ(Category-Ia + Category-Ib [ HU rat io at d7 < 0.26 and HU-SD at d7 26.94]) and remain ing pat ients (Category-Ⅱand III). There were no
patien t with thrombus group in Category-Ⅰ. The diagnost ic accuracy improved to 0.86.
C: Confusion matrix for Category-Ⅱ(HU ratio at d7 < 0.26 and HU-SD at d7 < 13.85) and remaining pat ien ts (Category-Ⅰ& III). There were no pat ien ts with non-thrombus
group in Category-Ⅱ. The diagnost ic accuracy improved to 0.95.
CT indicates computerized tomography; HU rat io, Hounsfield unit density rat io; HU-SD, the standard deviation of Hounsfield unit density; Non-th , non-thrombus; NPV,
negative predictive value; Th, thrombus; PPV, posit ive predictive value.
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After t he second st ep , 38 pa t ien ts st ill rem an in defin it e for th e
diagnosis of an LAA throm bus. Therefore, as the th ird step , the cu t -
off value of HU-SD less t han 13.85 (w ith m axim al th e likelihood
est im at ion: p robability of t h rom bu s form at ion is 0.78) w as applied
to a decision t ree. When pat ien t s had HU-SD less than 13.85 (i.e .
low HU den sity and hom ogeneously), t hey w ere classified in to
Category-Ⅱ(defin ite presence of LAA th rom bus [n = 3]). Other 35
pat ien t s w ith a HU-SD less t han 26.94 and equal or m ore than
13 .85 w ere diagnosed as a high ly possible for throm bus form at ion:
Category-III (h igh possibility of presence an LAA throm bus; 10/35
[28.57%]). Accordingly, w e cou ld enhance the capability of card iac
CT im aging to exclude or de tect an LAA throm bus in 142 (Category-
I and Category-Ⅱ) ou t of 177 (80.23%) through th is d iagnost ic algo-
rithm . The diagnost ic accu racy of th is algorithm was 0.95
(Table 2C). As the step of bran ch ing progresses by com bin ing HU
density and HU-SD, the diagnost ic accu racy im proves from 0.79
to 0.95 (Table 2 and Fig. 6).

5. Discussion

Accord ing to ou r n ew ly established algorithm u sing the com bi-
nat ion of the HU rat io and HU-SD of a card iac CT im age, w e suc-
cessfu lly determ in ed the absence or p resence of an LAA
th rom bus in approxim ately 80%（ 82% in the consecut ive 172
pat ien t s) of pat ien t s w ith persisten t AF. Our novel m ethod a llow s
physician s to appropriat ely decide whether to perform cardiover-
sion or catheter ablat ion in the m ajority of these pat ien ts w ith
AF w ith ou t u sing TEE. Because th rom bu s form at ion is p lausible
in the rem ain ing 20% （ 18% in the consecu t ive 172 pat ien ts) of
pat ien t s even using our algorit hm , TEE exam in at ion is st rongly rec-
omm ended especially for these pa t ien ts. In the present study, we
exclu ded paroxysm al AF pat ien ts because pat ien ts’ heart rhythm
during MDCT m igh t be d ifferen t (sin us rh ythm or AF). In-
hom ogeneous hear t rhythm during MDCT (som e pat ien t s m ight
be in sinus rh ythm and others in AF) m ay provide random irregu -
larity (stat ist ical noise). Fu rther, pa t ien ts w it h sinus rhythm during
the preoperat ive MDCT, cont rast filling of LAAwas enough to avoid
double check w ith TEE. If w e included pat ien t s w it h paroxysm al
AF, w e m igh t be able to dem onst rate fur ther h igh accuracy to
detect the absence of LAA throm bu s by MDCT because m any of
paroxysm al pat ien t s are supposed to m ain tain sinus rhythm at
the evalua t ion .

5.1. Diagnosis of LAAthrombus using cardiac CT in the previous studies

At tem pt s to d iagnose an LAA throm bus w ith
elect rocard iography-gated CT began in th e ear ly 2000s. In it ia lly,
m ost invest igators u sed a single-phase CT scann in g protocol
[25–30], but the accuracy of diagnosis w as relat ively low in som e
of t hese st udies. To im prove th e diagnost ic accuracy, invest igators
have been devising specific CT im aging techn iques such as th e dou -
ble CT scann ing p rotocol (early-phase and late-phase scann ing)
since the 2010s [31–33]. Two meta -analyses dem onst rated a ben-
eficia l d iagnost ic role of card iac CT, and the auth ors concluded that
card iac CT im aging can serve as an alterna t ive to TEE on ly when
the double scanning t echn ique has been used [34 ,35]. How ever,
w e th ought that the resu lt s of meta-ana lyses w ere caused qua lit a-
t ive diagnost ic crit eria . Because m ost previous st udies u sed on ly
qualit a t ive diagnost ic crit er ia (i.e., the existence of an oval or round
filling defect in the LAA) to det ect throm bus form at ion [26,27 ,29].
Our finding dem onst rate that a single scan t echn ique w as shown to
have sufficien t d iagnost ic capability if using quant ita t ive eva lu a-
t ion m ethod of HU density.

5.2. Advantages of our method

According to the resu lt s of previous st udies using on ly a single
scan p rotocol, the average diagnost ic accu racy was est im ated to be
0.87 [35]. Our m ethod p rovides m ore re liab le d iagnost ic accu racy
th an p revious report s. There a re four possib le reasons why our
m ethod is superior to the m ethods described in previou s studies
w ith respect to detect in g th rom bi.

First , w e de term ined the exact sit e (d7) of t he LAA at w h ich to
m easure the HU densit y. Measuring the HU density a t an uncertain
site w ith any filling defect m igh t cause select ion bias because it is
dete rm ined by the in vest igator’s visual im pression . To rem ove bias
and perform an accu rate quan t it a t ive analysis, w e m easured the
HU densit y at an exact sit e and in a precise ly sized ROI. Our data
dem onst rat ed that the m ost d ist al sit e of the LAA is the best posi-
t ion at w hich to est im ate th e presence of a throm bus.

Second, based on the resu lt s of our previous study, w e found
th at u sing the HU density of the proxim al LAA as the denom inator
(reference) to calcu lat e the HU rat io is m uch m ore effect ive than
using th e HU density of the ascending aorta becau se the p resence
of a referen ce and ROI w ith in th e sam e cham ber shou ld provide
synch ronous t im ing of peak cont rast .

Th ird , w e new ly developed a m ethod to evalua te the hom o-
geneity of HU densit y by usin g the HU-SD. We focused on the
homogeneit y of HU density because it m ay be associated w ith
th e blood p ropert ie s and cont rast enhancem en t in th e LAA. A crit -
ical decrease in blood flow in the LAA pot en t ially produces a
th rom bus w it h eryth rocyt e aggregates and a fibrin m eshw ork
[36], and w e speculate that it m ay cau se very low and hom oge-
neous HU density w ith in t he filling defect a rea. Kirchhof et al
[23], reported that low and hom ogeneous HU density on CT im ages
can be indicat ive of a t hrom bus consist ing of large fibrin st rands
and eryth rocytes. Follow ing th is study, Teunissen et al [24], found
th at the hom ogeneit y of the region w ith low at tenuat ion of con -
t rast m ed ia is associat ed w ith the risk of th rom bus form at ion .
Although they evaluated the hom ogeneit y of regions of low at t en -
uat ion according to t heir visual im pression , their data support our
resu lt s.

Fourth , w e creat ed a nove l algorithm for detect ion of an LAA
th rom bus by com bin ing two differen t propert ies of LAA enhance-
m en t by cont rast m ed ia: the HU rat io and the HU-SD. Furt her tech-
nological developm en t of MDCT may provide an excellen t quality
of the LAA im aging by ob tain ing both of a h igh den sity and a th in
slicing, and m ay con t ribut e t o com pensa te the w eakness of TEE,
such as lim it ed echo w indow and in ter-observer var iability.

5.3. Clin ica l implicat ions

To the best of ou r know ledge, th is is t he first study to u se t he
HU-SD as a diagnost ic crit erion for t hrom bu s form at ion . Using
ou r novel algorithm , approxim ately 80%of pa t ien ts w it h persisten t
AF can avoid TEE exam inat ion to ru le ou t LAA throm bus. Avoiding
unnecessary TEE exam inat ion can low er the risk of COVID-19
spread , esophageal in ju ry and reduce m ed ical fee. Another advan -
tage of ou r m ethod is it s ease and safe ty. Dual-enhanced or tw o-
ph ase scan protocols have been recogn ized usefu l for de tect LAA
th rom bi; how ever, these are m ore com plicated and require larger
doses of both con t rast m ed ia and radiat ion than ou r protocol.

6. Lim i tat ions

Th is study has several lim itat ions. First , th is study w as ret ro-
spect ively designed. A prospect ive in vest igat ion m ay allow for
m ore accurate verificat ion by m in im izing th e in terva l betw een
th e card iac CT and TEE exam inat ions. In the present st udy, t he
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m ean in terva l betw een cardiac CT and TEE was 21 ± 34 days. How -
ever, the t reatm ent s for the pat ien ts and their heart rh ythm
rem ained the sam e during th is in terval. Th erefore, w e believe that
the in terval be tw een the tw o exam inat ion s did not large ly affect
ou r result s.

Second, th is study included only a sm all num ber of pat ien ts
(n = 8) w ith LAA throm bi, and th e enrollm en t period of five
pat ien t s w ith LAA throm bi w as different from that of other consec-
u t ive 172 pat ien ts wh ich included th ree pat ien ts w ith LAA
th rom bi. Add it ion al en rollm en t of five cases w ith LAA throm bi
w as sta t ist ica lly requ ired to dem onst rate t he capability of MDCT.
Because it is d ifficu lt to en roll a large num ber of pat ien ts w ith
th rom bi in a single-center study, a m u lt icent er stu dy is needed
to obtain m ore reliable verificat ion .

Third , the slice w ith m axim um longitudinal depict ion of th e
LAA was used to m easu re the HU density; w e did not analyze th e
whole LAA cavity. Therefore, t he p resence of sm all t hrom bi ou tside
the an alyzed slice cannot be exclu ded . However, it m ay be difficu lt
to iden t ify such sm all m ural t hrom bi even by TEE.

7. Conclusion

We have here in proposed a novel algorithm to d iagnose LAA
th rom bus form at ion by using the HU rat io and HU-SD on cardiac
CT im ages. Even when using a single scann ing protocol w ith stan -
dard im aging softw are, ou r algor ithm is reliable for exclusion of an
LAA th rom bus in pat ien ts w ith persist en t AF.
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