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Abstract

Background The long-term prognostic influence of left atrial diameter (LAD) remodeling on the status of post-radiofrequency cathe-
ter ablation (RFCA) atrial fibrillation (AF) is unclear. This study employed a two-stage model from 3-year echocardiographic data to ascer-
tain whether the two-stage model predicts RFCA outcome more favorably than models using the baseline LAD. Methods Data were ret-
rospectively collected from 263 consecutive patients with drug-refractory AF undergoing RFCA. Regular echocardiographic measurements
of LAD were performed at baseline, 1, 3, 6, and 12 months and then every 6 months after RFCA. Sex, age, type of AF, number of RFCA,
and AF status were recorded. We obtain the actual (predicted) 3-year LAD using a longitudinal linear mixed model (1 stage). Logistic re-
gression models based on the baseline LAD (Model 1), actual (predicted) 3-year LAD (Model 2) (2™ stage), and observed 3-year LAD
(Model 3) were constructed to predict RFCA outcome. The area under the receiver operating characteristic curve (AUC) were used to assess
the performance of models. Results The lowess smoothed curve indicated that the LAD declined over the first three months and remained
stable up to 36 months after RFCA. The degree of LAD reduction was significantly influenced by the baseline LAD. Non-paroxysmal AF,
large LAD and female gender were significant predictors of AF recurrence. Model 2 had the largest AUC among the three models. Conclu-
sions This longitudinal study-based two-stage model outperforms the original logistic model using the baseline LAD. Non-paroxysmal AF,
larger LAD and female gender are significant predictors of RFCA failure.
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1 Introduction

Echocardiography is widely employed to assess cardiac
chamber sizes and function in patients with atrial fibrillation
(AF), and the left atrial diameter (LAD) is the parameter
most commonly used to represent the size of the left atrium
(LA). LA enlargement is an echocardiographic marker of
atrial remodeling and has a well-established association
with the incidence of AF.!Y In addition, LAD is one of the
most favorable predictor of AF recurrence after radiofre-
quency catheter ablation (RFCA),*! suggesting that a criti-
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cal mass of atrial tissue plays an important role in the patho-
physiological pathway of AF recurrence after ablation.
Many studies have used data from only one or two echocar-
diographic measurements to determine the relationship be-
tween LAD and RFCA outcome, but the relationship be-
tween the longitudinal changes in LAD after RFCA and
RFCA outcome is unclear.*”) Because of the repeated ob-
servation at the individual level, longitudinal studies take
the advantage of being able to exclude time-invariant unob-
served individual differences and of observing the temporal
orders of events compared with cross-sectional observa-
tional studies.!” However, the longitudinal studies of LAD
remodeling and its power in predicting RFCA outcome are
insufficient.

Serial measurements of LAD can be obtained from out-
patient clinical appointments. Nevertheless, missing data
owing to patients being lost to follow-up, and consequences
of observed repeated measures (i.e., measurement errors or
biologic variations) may occur. To obtain a more accurate
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evaluation of LAD change and its power to predict AF re-
currence three years after RFCA, this study employed a
two-stage model suggested by Hwang, et al.”! This model
employs a random effect mode to identify the actual value
of LAD measurement and treats this actual value as a
time-dependent covariate in the logistic regression to predict
RFCA outcome.™ Our objective was to ascertain whether
the two-stage model predicts the status of AF after RFCA
more favorably than models which only analyze the base-
line LAD.

2 Methods

2.1 Study population

We retrospectively evaluated 292 consecutive patients
who underwent RFCA for drug-refractory symptomatic AF
between July 2004 and March 2014 at our institution. Pa-
tients who were lost to clinical follow-up after RFCA, who
had severe valvular heart disease requiring surgery or pre-
viously received surgical MAZE were excluded. As a result,
263 patients were enrolled in the study. Patients who had
AF episodes that self-terminated within seven days were
classified as having paroxysmal AF, whereas those whose
AF episodes lasted longer than seven days were classified as
having non-paroxysmal AF. The Institutional Review Board
of Chang Gung Memorial Hospital approved the study pro-
tocol (approval number: 201700218B0), and written in-
formed consent was obtained from all patients.

2.2 Electrophysiological Study and RFCA

All patients received RFCA under general anesthesia.
RFCA was performed using a 3D electroanatomical map-
ping system (CARTO, Biosense-Webster, Diamond Bar,
CA, USA) to support the creation and validation of ablation
lesions. A 3.5-mm open-tip irrigated CARTO catheter and a
circular catheter (Lasso, Biosense Webster) were percuta-
neously introduced through the right femoral vein. Radiof-
requency energy was continuously delivered to circumfer-
entially encircle the ipsilateral superior and inferior pulmo-
nary veins (PVs), and the end point was the elimination or
dissociation of all PV potentials. When non-PV foci were
identified, ablation of the earliest activation sites was per-
formed. Additional LA linear ablation was performed at the
discretion of the operator after PV isolation. External car-
dioversion was performed to restore sinus rhythm if RFCA
failed to convert AF.

2.3 Echocardiography

On the next day after RFCA, 2D echocardiographic im-
ages were obtained in sinus rhythm, which were used as the

baseline echocardiographic data. Serial echocardiographic
examinations were performed at 1, 3, 6, and 12 months and
then every 6 months after RFCA. We retrospectively re-
corded the LAD at baseline and at 1, 3, 6, 12, 18, 24, 30 and
36 months after RFCA. The 2D echocardiographic exami-
nations were performed using a commercially available
ultrasound scanner (Vivid 7 or 9, General Electric Medical
Health, Waukesha, WI, USA) with a 2.5-MHz phased-array
transducer. LAD was obtained as an anteroposterior diame-
ter in the parasternal long axis view according to the guide-
lines of the American Society of Echocardiography.”’

2.4 Follow-up and definition of recurrence

Follow-up was conducted at 1 week, 1 month, 3 months,
6 months, and 12 months and then every 3—6 months and
whenever required because of AF symptoms. Serial 12-lead
electrocardiograms and a 24-h Holter ambulatory electro-
cardiogram were recorded after RFCA and when patients
exhibited symptoms of palpitation. Recurrence was defined
if patients experienced self-reported typical palpitation epi-
sodes (> 30 s) or atrial tachyarrhythmia on a 12-lead elec-
trocardiogram, Holter monitoring, or pacemaker/implant-
able cardioverter-defibrillator interrogation (where available)
during a follow-up visit. We defined success as no AF re-
currence without antiarrhythmic drugs 3 years after RFCA;
other outcomes were defined as failure.

2.5 Statistical analysis

Continuous variables are presented as mean + SD and
categorical variables as absolute numbers and percentages.
We divided baseline LAD into three groups as < 38 mm,
38-50 mm and > 50 mm. A chi-square test was used for
categorical variables. A P value of less than 0.05 was con-
sidered statistically significant. To analyze changes in LAD
over time, we drew a scatter plot and superimposed a locally
weighted regression (lowess) smoothed curve to character-
ize the LAD trend. Because of missing data and conse-
quences of observed repeated measures, the mixed-effect
model of the longitudinal data was employed to obtain the
true underlying LAD trend. This was called the first-stage
model. The Akaike information criterion (AIC) and the
likelihood ratio test were used to identify the appropriate
mean model. The true (predicted) value of the LAD was
obtained using the best linear unbiased predictor. The logis-
tic regression using the true underlying LAD was then used
to predict the status of AF three years after RFCA. This was
called the second-stage model.'” A stepwise selection
method was employed to identify independent predictors in
the logistic regression. The odds ratio and 95% CI were
calculated for each variable. The receiver operating charac-
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teristic (ROC) curve and the area under the ROC curve
(AUC) were used to assess the performance of the different
models. The goodness-of-fit for the logistic regression

model was assessed through the Hosmer and Lemeshow test.

Statistical analyses were performed using the SAS software
version 9.4 (SAS institute Inc., Cary, NC, USA).

3 Results

3.1 Patient characteristics

The clinical characteristics of the patients are presented
in Table 1. Our study population comprised 263 patients
(mean age 58.97 + 11.83 years, 67.68% men, and 81.37%
paroxysmal AF). There were 197 patients who underwent
only one RFCA procedure (74.9%). The success rate of
RFCA was 77.19 % (n = 203) at the 3-year follow-up. As
indicated in Table 1, there were significant differences in
the percentage of paroxysmal AF (P < 0.001) and success
rate (P < 0.001) among the three baseline LAD groups. That
is, the smaller the LAD, the lower rate of AF recurrence
after RFCA.

3.2 Longitudinal trend in LAD (the 1% Stage)

The lowess smoothed curve indicated that the LAD de-
clined over the three months after RFCA and remained sta-
ble thereafter (Figure 1). When the baseline LAD was di-
vided into three groups (Figure 2), the lowess smoothed
curves demonstrated that the larger the baseline LAD, the
steeper the curve in the first three months after RFCA. In
addition, the lowess smoothed curves showed early LAD
decline in both RFCA success and failure groups (Figure 3).

From the lowess curves, AIC and likelihood ratio test, we
selected the piecewise linear mixed model to model the
mean LAD over time. In particular, we divided the time axis
into two segments; each segment had a different slope, but
the segments were joined at three months after RFCA. This
allowed the mean response to decrease or increase as time

Table 1. Clinical characteristics of patients.

LAD
All patients <38mm 38-50mm >50 mm

Patient

263 83 (31.56%) 151 (57.41%) 29 (11.03%)
number (%)
Age 58.97+11.8356.37+14.24 60.1£9.91 60.52 + 12.68
Male 178 (67.68%) 47 (56.63%) 111 (73.51%) 20 (68.97%)
PAF 214 (81.37%) 80 (96.39%) 122 (80.79%) 12 (41.38%)

Single RFCA (%) 197 (74.9%) 68 (81.93%) 109 (72.19%) 20 (68.97%)
Success (%) 203 (77.19%) 75 (90.36%) 114 (75.5%) 14 (48.28%)
LAD: left atrial diameter; PAF: paroxysmal atrial fibrillation; RFCA: ra-

diofrequency catheter ablation.
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Figure 1. Longitudinal trend in LAD. The lowess smoothed
curve of LAD declined over the first 3 months after radiofrequency
catheter ablation and then remained stable for up to 3 years. LAD:
left atrial diameter.
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Figure 2. Longitudinal trend in left atrial diameter (LAD) in
3 subgroups according to the LAD size. The lowess smoothed
curve was influenced by the baseline LAD. When the baseline
LAD was > 50 mm, the curve was steepest with a largest LAD
reduction (from 49 mm to 44 mm); when the baseline LAD was <
38 mm, the curve was almost flat. LAD: left atrial diameter.

proceeds depending on the slopes of the segment. In Figure
2, the longitudinal trend in LAD was influenced by the
baseline LAD, which was regarded as a controlled variable
in the model. Let #; be the time (in months) after RFCA. To
define the slope differently after 3 months, we defined (z; —
3), as follows:

if £, <3

0
t.—3) =
(t; =3). {ti/. -3 ifg, >3

where (t; — 3), represents the time that had passed since
three months after RFCA. Let Y; denote the LAD of the i-th
patient at the #; time point and labase; be the baseline LAD
of the i-th patient. The piecewise linear model that describes
the mean Yj; (E[Y;]) at #; can be represented as in the fol-
lowing equation:
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50 Table 2. Piecewise linear mixed model of LAD.
— Success R
46 - Parameter Estimate SE P value
g 46 --Failure
g . Intercept 4977 1.769 0.0053
S e T e, labase; 0.867 0.042 <0.0001
S
k: \/x/ t 1.176 0.603 0.0523
£ 381 t;=3) ~1.039 0.62 0.0948
§ labase; * t; —-0.045 0.014 0.0021
D 34
= labase; * (t; — 3)+ 0.041 0.015 0.0053
304 : : : : : : : LAD: left atrial diameter; SE: standard error; labase;: baseline
0 5 10 15 20 25 30 35 LAD; t;: time (in month) after radiofrequency catheter ablation;

Time, Months

Figure 3. Longitudinal trend in LAD in both RFCA success
(black line) and failure (dashed line) groups. In the success
group, the lowess smoothed curve of LAD declined in the first 3
months and then remained stable up to 36 months. In the failure
group, the lowess smoothed curve of LAD declined in the first 3
months, followed by a “hump”, then declined again since 8 months
and remained stable after 12 months. LAD: left atrial diameter.

E[Y;]= B + Blabase; + Bit; + Bult; — 3)+ +
Pslabase; x t; + Bilabase(t; — 3)+

where S, B, B, b, Ps, and S denote the regression coeffi-
cients. In particular, S+fslabase; is the mean slope of the
LAD versus time curve for the i-th patient in the first three
months after RFCA. (Gs+f)+H(fs+fs)labase; is the mean
slope of the LAD versus time curve for the i-th patient from
3 months to 36 months after RFCA.

The estimates of these coefficients are presented in Table
2. The estimates of f; and fs were 1.176 and —0.045. This
means that the baseline LAD significantly influenced the
mean response curve of the LAD during the first 3 months
after RFCA. When the baseline LAD value was larger, the
slope of the LAD response curve was steeper. For instance,
for patients with a baseline LADs of 35, 45, and 55 mm, the
corresponding slopes were —0.399, —0.849 and —1.299, re-
spectively. Furthermore, the estimates of £, and S were
—1.039 and 0.041. This means that the decreasing trend be-
came less pronounced over time. Nevertheless, the baseline
LAD still significantly influenced the mean response curve
of LAD after 3 months post-RFCA. Again, for patients with
a baseline LADs of 35, 45, and 55 mm, the slopes were
—0.003, —0.043 and —0.083, respectively. The best linear
unbiased predictor was then used to predict the actual LAD
at three years after RFCA for each patient. In our study, we
let the estimates of parameter intercept, #; and (#; — 3); vary
randomly among individuals.

3.3 Logistic regression (the Second Stage)

Three logistic regression models based on (1) the base-

(#; — 3)+ : time that had passed since 3 months after radiofrequency
catheter ablation; labase;*t;: interaction between labase; and #;;
labase; * (t; — 3),: interaction between labase; and (t; — 3), .

line LAD (Model 1), (2) the actual (predicted) LAD at three
years after RFCA (Model 2), and (3) the observed LAD
(Model 3) at three years after RFCA were constructed to
compare their power to predict AF recurrence at three years
after RFCA, controlling for sex, type of AF, age, and num-
ber of operations. The results showed that type of AF, LAD
and sex were significant variables in predicting the status of
AF three years after RFCA. Tables 35 represents the result
of Models 1 to 3. According to the odds ratios of these
models, female patients, non-paroxysmal AF and a larger
baseline LAD had a significantly lower success rate at three
years after RFCA. The AUC was 0.747, 0.802, and 0.789 in
Models 1, 2 and 3, respectively; and the P values of Hosmer

Table 3. Model 1.

Parameter Estimate SE OR 95% CIof OR P value
Intercept 5349 1512 <0.0001
PAF 1.022 0399 2.778 1.27-6.075 0.0105
labase; -0.106  0.031 09 0.847-0.956 0.0006
sex (female) —0.855 0359 0.425 0.211-0.859 0.0171

SE: standard error; OR: odds ratio; CI: confidence interval; PAF: paroxys-

mal atrial fibrillation; labase;: baseline left atrial diameter.

Table 4. Model 2.

95%CI
Parameter  Estimate SE OR P value
of OR
Intercept 9.531 1.808 <0.0001
PAF 1.039 0398  2.827 1.295-6.17 0.0091
Actual LAD  -0.214 0.041 0.807 0.745-0.875 <0.0001
sex (female) -0.95 0.384 0387 0.182-0.82 0.0133

CL confidence interval; Actual LAD: actual left atrial diameter at 3-year
after radiofrequency catheter ablation; OR: odds ratio; SE: standard error;

PAF: paroxysmal atrial fibrillation.
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Table 5. Model 3.

Parameter Estimate SE OR  95%CIof OR P value
Intercept 7.103 2251 0.0016
PAF 1.322 0.506 3.750  1.390-10.117  0.0091
observed LAD  —0.152 0.051  0.859 0.778-0.948  0.0026
sex (female) -1.003 0.474 0367 0.145-0.928  0.0342

SE: standard error; OR: odds ratio; CI: confidence interval; PAF: paroxys-
mal atrial fibrillation; observed LAD: observed left atrial diameter at 3-year

after radiofrequency catheter ablation.

and Lemeshow test was 0.8096, 0.6328 and 0.4175 in Mod-
els 1, 2 and 3, respectively. Because Model 2 had a largest
AUC among the three models, it suggests that the actual
(predicted) LAD at 3 years after RFCA was optimal for
predicting the long-term RFCA outcome.

4 Discussion

In this study, we demonstrated that (1) the longitudinal
study using a two-stage model has a higher predictive power
than the logistic models which only used the baseline LAD
or the observed LAD at three years after RFCA; and (2)
non-paroxysmal AF, larger LAD and female gender were
significant predictors of AF recurrence three years after
RFCA. We first obtained the actual (predicted) LAD three
year after RFCA using a linear mixed model, which as-
sumed that longitudinal responses depend on a combination
of population effects and subject-specific effects. Subse-
quently, we employed the actual (predicted) LAD value as a
time-dependent covariate in the logistic regression to predict
the status of AF. The lowess smoothed curves showed LAD
declined in the first 3 months after RFCA, and the degree of
LAD reduction was significantly influenced by the baseline
LAD.

Reant, ef al'"! demonstrated that LAD had decreased
significantly with 2 phases at the 1 year follow-up echocar-
diographic analysis after ablation. The reduction of LAD
occurred during the first phase (0 to 3 months), and then
remained stable during the second phase (3 to 12 months).
Consistently, our results revealed that LAD declined in the
first three months after RFCA, and remained stationary for
up to three years regardless of the RFCA outcome. When
the baseline LAD factor was considered, the time factor was
found to play a role only because of its interaction with the
baseline LAD. That is, RFCA results in reduction in the
LAD, and this reduction is proportionate to the baseline
LAD.

In a meta-analysis, D’Ascenzo, et al™ demonstrated
that valvular AF, LAD > 50 mm and recurrence within 30
days were the most powerful predictors of AF ablation fail-

ure. Our data evinced that the success rate was only 48.28 %
when the LAD > 50 mm, much lower than that for the LAD
<38 mm (90.36 %). AF-induced atrial remodeling includes
atrial enlargement, contractility impairment, and altered
compliance, and reverse remodeling may occur whenever
AF is successfully eliminated."*'* However, the reversal of
LA dilation after RFCA is achieved not only by a reduced
AF burden, but also the RFCA-produced scar. Many studies
have attempted to identify the association between the
change in LAD and the status of AF after RFCA, with in-
consistent results.**! One study reported that LAD was re-
duced only in the success group,' but other studies re-
ported that LAD was reduced significantly after RFCA
whether AF recurred or not.'®'”" Our results revealed that
LAD was reduced in both the success and failure groups. It
seems that LAD reduction itself is not a sufficient indicator
of RFCA success.

In addition to the widely used baseline LAD value, we
employed a two-stage model with the actual (predicted)
LAD at three years after RFCA to predict the RFCA out-
come, and this model was demonstrated to outperform the
logistic model using the baseline LAD based on the AUC.
The two-stage model can be easily applied in clinical prac-
tice. When the baseline LAD is obtained, we can utilize the
piecewise linear model to calculate the mean actual (pre-
dicted) LAD three years after RFCA. For example, the cal-
culated mean actual (predicted) LAD three years after
RFCA are 34, 40, and 46 mm when the baseline LAD val-
ues are 35, 45, and 55 mm, respectively. Then, we can em-
ploy the mean actual (predicted) LAD value, type of AF and
gender to fit Model 2 for calculating the mean probability of
successful RFCA status at three years after ablation. In the
setting of paroxysmal AF and male gender, the mean prob-
abilities of a 3-year RFCA success rate are 96%, 88%, and
67% when the baseline LADs are 35, 45, and 55 mm, re-
spectively. If the setting is changed to non-paroxysmal and
female gender, the mean probabilities of a 3-year RFCA
success rate are 78%, 50%, and 22% when the baseline
LADs are 35, 45, and 55 mm, respectively. The simplicity
of Model 2 makes it highly generalizable to a wide variety
of populations undergoing RFCA for AF. The two-stage
model also provides more accurate information for clini-
cians and patients to evaluate the necessity of long-term
anti-arrthythmic drug or anticoagulant use after AF ablation.

4.1 Limitations

This study was limited by its observational, retrospective
design. This was a single-tertiary center study with a limited
sample size. Therefore, additional studies with larger sam-
ples are needed to confirm our findings. In addition, AF

Journal of Geriatric Cardiology | jgc@jgc301.com; http://www.jgc301.com



Lee HL, et al. Longitudinal study for outcome of AF ablation

491

recurrence required ambulatory electrocardiogram docu-
mentation at specific time points or when patients exhibited
with symptoms; therefore, patients with asymptomatic AF
between visits may not have been identified. This may have
resulted in an underestimation of the risk of AF recurrence.

4.2 Conclusions

The longitudinal study-based two-stage model had a
higher predictive power than the logistic model that in-
cluded only the baseline LAD. The degree of LAD reduc-
tion mainly depends on the baseline LAD, regardless of the
RFCA outcome. Non-paroxysmal AF, larger LAD and fe-
male gender are significant predictors of AF ablation failure.
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