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Background: It is critical to recognize high risk patients who are prone to develop stroke in the management of

atrial fibrillation (AF). The purpose of this study was to identify the determinants of AF related stroke by assessing

the anatomical and functional remodeling of cardiac chambers.

Methods: We compared the cardiac structure and function of 28 consecutive patients with paroxysmal and

persistent AF-related stroke with 69 patients with AF and 21 controls without stroke using contrast-enhanced

64-slice multi-detector computed tomography during sinus rhythm.

Results: The volume of left atrium (LA), LA appendage (LAA) and right atrium (RA) were significantly increased

across the groups with sinus rhythm (SR), AF and AF-related stroke (p < 0.001 for each, respectively). The emptying

fraction and booster-pump function of LA, LAA and RA were decreased across the groups (p < 0.001 for each). In

addition, the left ventricular mass index was increased in AF related stroke (p = 0.003). Using multivariate analysis,

increased age (p = 0.003), reduced booster-pump function of LA (p = 0.01), LAA (p < 0.001) and RA (p < 0.001) were

shown to be independently associated with the occurrence of stroke.

Conclusions: The dilatation and contractile dysfunction of both atria are related to the development of stroke in

patients with paroxysmal and persistent AF. Our results suggested that the use of substrate-based assessment may

help improve risk stratification of stroke in patients with AF.
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INTRODUCTION

Atrial fibrillation (AF) carries a substantial risk for

cardiovascular mortality and cerebrovascular accident.

Up to one-third of first strokes in patients are related to

AF. Several risk stratification schemes, including CHADS2

and CHA2DS2-VASc scores, have been proposed to iden-

tify low risk patients and to provide recommendations

regarding appropriate antithrombotic treatment for mo-

derate to high-risk AF patients.
1-3

However, AF-related

ischemic stroke in the elderly has still increased signifi-

cantly in recent years,
4

and coping with certain unex-

pected and complex situations, especially in patients

with a CHADS2 score less than 2, remains challenging

with the currently available clinical prediction tools.
5,6

Structural and functional remodeling of LA is related

to the genesis and perpetuation of AF. Furthermore, re-

cent studies also demonstrated that the morphological

characteristics of left atrium (LA) and LA appendage
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(LAA) could be associated with the occurrence of stroke

in patients with AF.
7-9

Therefore, the assessment of car-

diac anatomy and function may play a complementary

role to clinical risk stratification schemes, and can im-

prove the quality of care for AF patients. However, there

were some echocardiographic studies which showed in-

consistent results regarding the interplay between LA

remodeling and AF-related stroke.
10,11

Multi-detector

computed tomography (MDCT) has been widely used

prior to AF ablation and is an efficient and reliable imag-

ing tool used to depict the anatomic and dynamic alter-

ation of atria and ventricles simultaneously.
12,13

We con-

ducted this study to elucidate the relationship between

the cardiac remodeling and AF related stroke using MDCT.

METHODS

The patients with AF and first episode of acute is-

chemic cerebral infarction who were admitted to our neu-

rological ward were assessed for eligibility. Their stroke

mechanism was classified as AF-related stroke based on

the definition of the Stop Stroke Study - Trial of Org 10172

in Acute Stroke Treatment (SSS-TOAST) system.
14

The

AF-related stroke is diagnosed if it is due to embolic stroke

in patients with nonvalvular AF, and lacking any other

etiologies. The exclusion criteria included AF rhythm at

48 hours after admission, a serum creatinine more than 2

mg/dl, history to contrast allergy and the participants were

unconscious or could not provide informed consent. The

participants were enrolled after a written informed con-

sent was provided. If the participant could not sign the

informed consent, the legally authorized representative

should sign the consent with participant’s agreement. The

AF group included the AF patients matched for sex and AF

type who had no history of stroke and underwent MDCT

prior catheter ablation. In addition, the control group

enrolled patients without any history of AF and stroke

who underwent MDCT for coronary artery disease (CAD)

screening. This study and the informed consent procedure

were approved by the Institutional Review Board of Na-

tional Yang Ming University Hospital.

The cardiac chambers were evaluated with an ECG-

gated, 64-slice MDCT scanner (Brilliance CT, 64-slice,

Philips, Amsterdam, Netherlands). All the participants un-

derwent a computed tomography (CT) scan during sinus

rhythm (SR). We administered 80 ml of the non-ionic con-

trast medium, iohexol [350 mg of iodine per milliliter

(Optiray, Mallinckrodt, Canada)], followed by 20 ml of

normal saline with the use of a power injector at a rate of

5.5 ml/ second. We used the bolus tracing technique to

monitor the signal intensity at the pre-defined region of

interest (ROI) in the ascending aorta. When the CT num-

ber of the ROI reached the pre-set threshold (Hounsfield

unit: 150), the scan automatically started and the pa-

tients were instructed to hold their breath to acquire the

images, which covered the area from the aortic arch to

the cardiac apex (collimation 64 � 0.625 mm, gantry rota-

tion time 400 ms, table speed 19 mm/second, tube volt-

age 120 kV, effective tube current 500-600 mA).

All CT images were analyzed offline with software

developed by the Department of Biomedical Engineer-

ing, Chung Yuan Christian University (Chung-Li, Taiwan).

Axial images were reconstructed at multiple phases co-

vering the cardiac cycle in increments of 10% of the R-R

interval. Serial multiphase short-axis images were gener-

ated using semi-automated software reformatting to a

slice thickness of 0.9 mm. The 10 serial images of LA,

LAA, right atrium (RA), left ventricle (LV) and right ven-

tricle (RV) were visually identified (Figure 1). The endo-
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Figure 1. (A-D) Measurement of the volume and function of cardiac

chambers, including left atrium (LA) (green), right atrium (RA) (pink),

left ventricle (LV) (red) and right ventricle (RV) (blue) by the serial

multiphase short-axis images with semiautomated software. (D) Three-

dimensional reconstruction of the cardiac chambers.
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cardial border was traced for each slice and, if neces-

sary, manually adjusted in a meticulous fashion. A modi-

fied Simpson’s method was used to calculate the volume

of the chambers. In addition, the LV epicardial border

was depicted in end-diastolic images. Therefore, the left

ventricular myocardial mass (LVM) could be obtained by

calculating the volume between epicardial and endo-

cardial borders of the LV. Left ventricularmass index

(LVMI) was defined as LVM/body surface area. For the

cardiac chambers, the ejection fraction (EF) was defined

as: (maximal volume – minimal volume)/maximal vol-

ume. Dynamic function of LA, LAA and RA, including the

active EF (booster-pump) [(volume at P wave beginning

– minimal volume)/volume at P wave beginning] and

passive EF (conduit) [(maximal volume – volume at P

wave beginning)/maximal volume] were assessed (Fig-

ure 2A). The left atrial pouch was defined as a cyst-like

structure projecting from the heart cavity to outside the

plane of the left atrial wall. The size of the pouch was

measured by its largest expanse on the axial image.

Continuous variables with normal distribution are

presented as mean � standard deviation (SD), and cate-

gorical variables are presented as absolute values and

percentages. A Chi-square test with Yates’ correction or

Fisher’s exact test was used for categorical data. A Stu-

dent’s t test or the Mann-Whitney U test was used for

continuous data as appropriate. Multivariate analysis

was performed with a stepwise logistic regression model

to identify the independent predictors of AF-related

stroke. Inclusion criteria for multivariate analysis were

set at p < 0.1 with univariate analysis. A value of p <

0.05 was considered statistically significant. Data were

analyzed using SPSS for Windows (version 21, SPSS Inc.,

Chicago, IL, USA).

RESULTS

Fifty-five patients with AF-related stroke were as-

sessed for eligibility. Twenty-seven patients were ex-

cluded due to AF rhythm at 48 hours after admission (N

= 20), a serum creatinine > 2 mg/dl (N = 4), no informed

consent being provided (N = 2) and significant carotid

stenosis (N = 1). Finally, we analyzed demographic, labo-

ratory and MDCT data that were prospectively collected

on 28 consecutive patients who fulfilled the inclusion

and exclusion criteria and provided written informed

consent. Sixty-nine patients without any history of stroke
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Figure 2. (A) Use of volume-time curve to evaluate the functional properties of LA and RA. The volume at A point indicated the maximal volume.

The volume at B point indicated the minimal volume and the volume at C point indicated the volume at beginning of P wave. (B-D) Comparison of

empty fraction, booster-pump function and conduit function of both atria between the patients with sinus rhythm, atrial fibrillation (AF) and AF re-

lated stroke.
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and 21 controls were selected for comparison. The gen-

der, history of diabetes mellitus, CAD, hyperlipidemia,

hypertension and use of renin-angiotensin aldosterone

system blocker, beta blocker were similar among the

three groups. However, patients with AF and stroke

were older than patients in the other groups (p < 0.001).

The percentage of paroxysmal AF was similar between

AF and AF-related stroke. Forty-eight patients in the AF

group and 16 patients in the AF-related group had a

CHADS2 score = 0 or 1 (p = 0.19). Only 7.2% of patients

in the AF group and 10.7% in the AF-related stroke group

received anticoagulant treatment at enrollment. The pa-

tient characteristics were shown in Table 1.

The anatomic and functional properties of LA and

LAA were shown in Table 1 and 2. The incidence, loca-

tion and size of LA pouch were similar between the pa-
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Table 1. The patients’ characteristics and presentation of left atrium (LA) pouch between the three groups

Characteristic SR (N = 21) AF (N = 69) AF-related stroke (N = 28) p-trend

Age, years 58.38 � 10.86 57.12 � 8.37 69.61 � 12.14 < 0.001
Female sex, N (%) 7 (33.3) 22 (31.9) 11 (39.3) 0.78
Diabetes 3 (14.3) 12 (17.4) 08 (28.6) 0.36
CAD 3 (14.3) 21 (30.4) 05 (17.9) 0.20
Hyperlipidemia 8 (38.1) 19 (27.5) 08 (28.6) 0.64
Hypertension 7 (33.3) 25 (36.2) 13 (46.4) 0.56
ARB/ACEI 25 (36.2) 12 (42.9) *0.71*
Beta blockers 16 (23.2) 06 (21.4) > 0.99*
Anticoagulant 5 (7.2) 03 (10.7) *0.69*
Paroxysmal AF 35 (50.7) 14 (50.0) > 0.99*
CHADS2 < 2 49 (71.0) 16 (57.1) *0.19*
LA pouch 6 (28.6) 22 (31.9) 08 (28.6) 0.92
Pouch size, mm

2
31.50 � 15.15 21.06 � 11.42 26.20 � 8.51 0.13

Location
Roof 6 (100%) 18 (81.8%) 8 (100%) 0.23
Others 0 (0%) 4 (18.2%) 0 (0%)

AF, atrial fibrillation, ARB/ACEI, angiotensin receptor blocker/angiotensin converting enzyme inhibitor, CAD, coronary artery
disease, LA, left atrium, SR, sinus rhythm.
* Indicates the p value compared between patient with AF and AF related stroke.

Table 2. Comparison of structures and function of LA, LAA and RA

Characteristic SR (n = 21) AF (n = 69) AF-related stroke (n = 28) p-trend

Left atrial structure and function
LAVI, ml/m

2
54.67 � 8.26 59.63 � 10.90 82.61 � 14.46 < 0.001

LAV maximal, ml 96.34 � 12.44 104.01 � 20.70 137.27 � 19.960 < 0.001
LAV minimal, ml 56.85 � 10.57 67.73 � 24.21 115.94 � 29.290 < 0.001
LA EF, % 41 � 7 36 � 13 17 � 12 < 0.001
LA passive EF, % 17 � 40 19 � 80 11 � 70 < 0.001
LA active EF, % 32 � 40 26 � 12 9 � 8 < 0.001

Left atrial appendage structure and function
LAAVI, ml/m

2
3.64 � 1.25 4.47 � 1.54 6.66 � 3.09 < 0.009

LAA maximal, ml 5.80 � 2.09 7.70 � 2.96 11.32 � 4.590 < 0.001
LAA minimal, ml 2.50 � 1.30 4.18 � 2.82 8.58 � 3.78 < 0.001
LAA EF, % 58 � 13 48 � 18 23 � 15 < 0.001
LAA passive EF, % 21 � 10 23 � 11 21 � 70 .0.61
LAA active EF, % 49 � 16 42 � 16 14 � 13 < 0.001

Right atrial structure and function
RAVI, mL/m

2
47.05 � 10.65 50.90 � 9.420 59.62 � 12.10 < 0.001

RAV maximal, ml 88.29 � 21.51 87.91 � 18.06 100.73 � 24.450 0.02
RAV minimal, ml 47.33 � 13.57 48.48 � 18.87 74.75 � 26.94 < 0.001
RA EF,% 46 � 80 45 � 13 27 � 15 < 0.001
RA passive EF,% 25 � 70 28 � 10 17 � 80 < 0.001
RA active EF,% 33 � 90 29 � 11 20 � 13 < 0.001

EF, emptying fraction; LAA, left atrial appendage; LAV, left atrial volume; LAVI, left atrial volume index (LAV/body surface area); RA,
right atrium; RAV, right atrial volume; RAVI, right atrial volume index. Other abbreviations noted in Table 1.



tient groups (p = 0.92, 0.13, respectively). The volume of

LA and LAA were significantly increased across the pa-

tient groups with SR, AF and AF-related stroke (Table 2).

The emptying fraction (EF) of LA and LAA were signifi-

cantly decreased across the patient groups. The bo-

oster-pump function (active EF) of LA and LAA were also

decreased across the patient groups (p < 0.001 for each,

respectively). There was a corresponding decrease in

conduit function (passive EF) of LA across the patient

groups (p < 0.001). However, the passive EF of LAA was

similar between the patient groups (p = 0.61) (Figure 2

B-D). The LA function of 20 patients was measured by

two investigators who were blinded to the clinical infor-

mation of the patients. Using the Bland-Altman method,

the mean difference between intraobserver and inter-

observer were 2.4% and 7.2%, respectively.

The maximal and minimal volumes of RA were sig-

nificantly increased across the patient groups with SR,

AF and AF-related stroke (p = 0.02, < 0.001, respec-

tively). The EF, conduit function and booster-pump func-

tion of RA were significantly reduced across the patient

groups (p < 0.001 for each, respectively) (Table 2).

The volumes of LV and RV were similar among the

three patient groups (p = 0.31 for minimal LV volume, p

= 0.06 for maximal and minimal RV volume). Further-

more, the EF of LV (p = 0.47) and RV (p = 0.34) were also

similar across the patient groups. However, the LV mass

index (LV mass/body surface area) was significantly in-

creased in patients with AF and stroke (p = 0.003). The

associated properties of both LV and RV are presented

in Table 3.

Figure 3 showed the subgroup analysis in AF pa-

tients with CHADS2 score < 2. The maximal volume of LA

(106.11 � 21.48 vs. 135.06 � 18.49 ml, p < 0.001), and

LAA (7.68 � 3.41 vs. 11.36 � 5.17 ml, p < 0.01) was sig-

nificantly increased in patients with AF-related stroke

compared to those without stroke. The EF of LA (40 � 10

vs. 16 � 7%, p < 0.001), LAA (54 � 12 vs. 30 � 6%, p <

0.001) and RA (49 � 12 vs. 31 � 9%, p < 0.001) was re-

duced in patients with AF-related stroke (Figure 3). Fur-

thermore, the active EF of LA (23 � 13 vs. 6 � 5 %, p <

0.001), LAA (39 � 15 vs. 10 � 7%, p < 0.001) and RA (27

� 12 vs. 19 � 9%, p < 0.01) was reduced; the passive EF

of LA (20 � 9 vs. 10 � 4%, p < 0.001), RA (29 � 10 vs. 16 �

8%, p < 0.001) was reduced in AF-related stroke group.

To explore the independent parameters of AF-re-

lated stroke, multivariate analysis was performed be-

tween patients with AF and AF with stroke. Inclusion cri-

teria for multivariate analysis were set at p < 0.1 with

univariate analysis. Stepwise logistic regression involv-

ing 11 variables identified four that best distinguished

the patients with AF from those with AF-related stroke.

The characteristics of older age (p = 0.003), reduced ac-

tive EF of LA (p = 0.01), LAA (p < 0.001) and RA (p <

0.001) were independently associated with the occur-

rence of stroke in patients with AF.

DISCUSSION

This study has three major findings. First, structural

and functional remodeling of both atria, which mani-

fested as increased atrial volume and decreased tri-

phasic transport function, were more evident not only

in patients with AF but in patients with AF-related stroke.

Second, the LA pouch is common and is not related to
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Table 3. Comparison of structures and function of left and right ventricles

Characteristic SR (n = 21) AF (n = 69) AF-related stroke (n = 28) p-trend

Left ventricular (LV) structure and function

LV EF, % 66 � 6 66 � 12 63 � 11 0.47

LVV maximal, ml 106.52 � 18.87 107.56 � 18.700 88.55 � 19.91 < 0.001

LVV minimal, ml 35.93 � 9.34 36.67 � 13.44 32.40 � 11.92 0.31

LVMI 062.95 � 14.94 57.13 � 12.10 71.22 � 20.97 00.003

Right ventricular (RV) structure and function

RV EF, % 42 � 5 45 � 90 45 � 90 0.34

RVV maximal, ml 153.54 � 21.85 154.51 � 29.230 140.21 � 26.050 0.06

RVV minimal, ml 089.87 � 16.84 86.30 � 20.58 77.09 � 21.02 0.06

EF, ejection fraction; LVMI, left ventricular mass index (LVM/body surface area); LVV, left ventricular volume; RVV, right ventricular

volume.



AF and stroke. Third, increased LV mass index could be a

determinant of stroke in patients with paroxysmal and

persistent AF.

Our results showed that the incidence and size of LA

pouch was not different among the three patient groups.

Although the pouches were suspected to be the poten-

tial origin of thrombus, recent reports showed the LA

pouch is not associated with the occurrence of stroke
15

that is compatible with our observation.

The relationship between increased LA volume and

stroke remains to be clarified.
16

The present study showed

that significant LA dilatation was noted in patients with

AF related stroke compared to those without. In addi-

tion, we demonstrated that pump and reservoir func-

tion of both LA and LAA were impaired in the patients

with AF related stroke. Previous anatomic studies had

showed that significant fibrosis of the LA and RA can be

found in AF. Daccarett et al. discovered a more exten-

sive fibrosis of LA in patients with AF and stroke, using

delayed-enhanced magnetic resonance images.
17

Park et

al. described that electroanatomical remodeling of LA

was significantly related to the risk scores or events of

stroke in patients with AF.
18

The atrial fibrosis could ex-

plain, in part, the dysfunction of both atria in patients

with AF and AF-related stroke. In addition, atrial stun-

ning after restoration of sinus rhythm from AF also plays

a significant role.
19

Previous echocardiographic studies

had underscored the role of LAA dysfunction in the de-

velopment of stroke in patients with AF. To our knowl-

edge, this is the first CT study to demonstrate that the

severity of the LA/LAA/RA dysfunction may reflect the

possibility of stroke in AF patients.

The remodeling process of RA in AF has received

substantially less attention as compared to LA. Our

group had characterized the RA substrate in patients

with atrial tachyarrhythmias arising from RA.
20

Further-

more, the present study delineated that the RA enlarge-

ment and dysfunction was more evident in patients with

AF compared to those without. This finding may reflect

the role of bi-atrial remodeling in AF.

The role of RA in AF-related stroke has not been

well-studied. Previous investigations have focused on

the relationship between RA and stroke due to the para-

doxical embolization through the patent foramen ovale.

In this study, no RA thrombus was noted by CT scan. The

possibility of paradoxical embolization-related stroke is
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Figure 3. (A-C) Comparison of emptying fraction (EF) of LA, LAA and

RA in patients with AF and AF related stroke with a CHADS2 score < 2.

The upper and lower margin of the box indicates the upper and lower

quartile, and the line within the box indicates the median.

A
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very low. We demonstrated that the patients with im-

paired mechanical function of both atria are prone to

develop stroke, although the causal relationship is hard

to define. However, the analysis of RA structure and

function can confer additional and important informa-

tion to grade the risk of stroke in patients with non-per-

manent AF.

Our result showed the volume and systolic function

of both ventricles were not associated with the develop-

ment of AF and AF related stroke. However, the LV mass

index was significantly increased in patients with AF and

stroke. A previous echocardiographic substudy of EN-

GAGE AF-TIMI 48 showed that LV mass index and the in-

cidence of abnormal LV geometry were increased in pa-

tients with higher CHADS2 scores.
21

The increased LV

mass index may cause the LV diastolic dysfunction and

elevated end-diastolic pressure of LV which can con-

tribute to the development of AF and atrial fibrosis.
22

Because of the anatomic vicinity of LAA and LV, the im-

paired LV filling attenuates the intracavitary suction ef-

fect to influence LA and LAA filling and emptying. There-

fore, increased LV mass index can lead to LAA dysfunc-

tion and the consequential development of embolic

stroke in AF.

Several limitations are noteworthy in interpretation

of the study results. First, the patient number was small

because we only enrolled those stroke patients with par-

oxysmal and persistent AF. Further prospective studies

are necessary to confirm our results in larger groups. In

addition, the study results may not be applied to pa-

tients with permanent AF. Second, only 11% of patients

with AF-related stroke received anticoagulant (warfarin)

at enrollment. This finding may reflect the reality about

the physicians’ concerns about bleeding complication of

warfarin, and the inability to identify the true low-risk

patients at the time of study. Third, we cannot avoid an

inherent limitation in terms of the AF burden in such a

patient group that had no implanted device. However,

our result demonstrated that the presence of atrial dys-

function in the period of stroke was a strong determi-

nant of this neurological consequence in patients with

non-permanent AF. In conclusion, the enlargement and

reduced transport function of LA, LAA and RA are inde-

pendently associated with the occurrence of stroke in

patients with nonpermanent AF. Use of a comprehen-

sive MDCT study can provide important information re-

garding the structural and functional remodeling of the

cardiac chambers. Substrate-based assessment may con-

fer an additional ability to identify the high-risk stroke

patients in patients with AF.

CONCLUSIONS

Dynamic CT images are effective to delineate the

anatomic and functional properties of atria and ventri-

cles. The dilatation and hypokinesia of both atria and in-

creased LV mass are associated with the development of

embolic stroke in paroxysmal and persistent AF. There-

fore, comprehensive assessment of cardiac chambers

may provide incremental value in stratifying the risk of

cardioembolic stroke in AF patients.
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