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Summary

Background Patients with atrial fibrillation (AF) frequently experience multimorbidity. Cluster analysis, a
machine learning method for classifying patients with similar phenotypes, has not yet been used in South Asian AF
patients.

Methods The Kerala Atrial Fibrillation Registry is a prospective multicentre cohort study in Kerala, India, and the
largest prospective AF registry in South Asia. Hierarchical clustering was used to identify different phenotypic
clusters. Outcomes were all-cause mortality, major adverse cardiovascular events (MACE), and composite bleeding
events within one-year follow-up.

Findings 3348 patients were included (median age 65.0 [56.0-74.0] years; 48.8% male; median CHA,DS,-VASc 3.0
[2.0-4.0]). Five clusters were identified. Cluster 1: patients aged <65 years with rheumatic conditions; Cluster 2:
patients aged >65 years with multi-comorbidities, suggestive of cardiovascular-kidney-metabolic syndrome; Cluster 3:
patients aged <65 years with fewer comorbidities; Cluster 4: heart failure patients with multiple comorbidities;
Cluster 5: male patients with lifestyle-related risk factors. Cluster 1, 2 and 4 had significantly higher MACE risk
compared to Cluster 3 (Cluster 1: OR 1.36, 95% CI 1.08-1.71; Cluster 2: OR 1.79, 95% CI 1.42-2.25; Cluster 4:
OR 1.76, 95% CI 1.31-2.36). The results for other outcomes were similar. Atrial fibrillation Better Care (ABC)
pathway in the whole cohort was low (10.1%), especially in Cluster 4 (1.9%). Overall adherence to the ABC
pathway was associated with reduced all-cause mortality (OR 0.26, 95% CI 0.15-0.46) and MACE (OR 0.45, 95%
CI 0.31-0.46), similar trends were evident in different clusters.

Interpretation Cluster analysis identified distinct phenotypes with implications for outcomes. There was poor ABC
pathway adherence overall, but adherence to such integrated care was associated with improved outcomes.
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8TX, United Kingdom.
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Research in context

Evidence before this study

Prior to our investigation, there was a significant lack of data
on multimorbidity in atrial fibrillation (AF) patients in India.
The few existing AF cohort studies in India involved relatively
small sample sizes and did not adequately capture the
complex comorbid conditions prevalent in the Indian
population. Additionally, AF in Indian and South Asian
populations may present differently compared to other Asian
regions, further underscoring the need for more
comprehensive research.

Added value of this study

The significance of our study lies in its comprehensive
contribution to the understanding of AF in India. Utilizing the
largest known Indian prospective AF registry, the Kerala-AF
registry, which involved the baseline assessment and 1-year
follow-up of AF patients recruited from 53 medical centres
across Kerala, India. We conducted a detailed cluster analysis
of multimorbidity patterns within this unique population.
This is the first study to identify distinct phenotypic clusters
of AF patients in India, some of which were associated with
adverse outcomes post-AF. Our findings offer valuable
insights into the diverse clinical characteristics of AF patients
in the region, potentially guiding more personalized
treatment strategies.

Introduction

Atrial fibrillation (AF) is the most common arrhythmia
seen in clinical practice and is associated with high
mortality and morbidity from stroke, heart failure and
dementia." Nonetheless, there are regional and ethnic
differences in the epidemiology of AF and risk out-
comes such as stroke and bleeding.”* Also, AF is not a
homogeneous condition, and guidelines have suggested
that AF is classified according to disease subtypes and
pathological characteristics.*

AF is associated with frailty, multimorbidity, and
polypharmacy, and some clinically complex domains
may be identified.” Also, different comorbidities tend to
associate with each other; hence, simplified classifica-
tions by disease subtypes may be inaccurate in esti-
mating the risk of adverse outcomes for AF patients.

Hierarchical clustering is an unsupervised machine
learning approach that explores the multimorbidity
pattern in a population, enabling samples to converge to
form distinct clusters with high similarity based on pre-
selected comorbidities and clinical features.® One of the

Additionally, this study is the first to evaluate adherence to
the Atrial Fibrillation Better Care (ABC) pathway in India,
revealing varying levels of adherence across different clusters.
We also found that adherence to the ABC pathway
significantly improved outcomes, suggesting that widespread
implementation of ABC management could play a critical role
in reducing the AF burden in Indian and South Asian
populations.

Implications of all the available evidence

Considering all available evidence and our findings, it becomes
clear that the Kerala-AF registry offers valuable insights into
the AF burden in India and South Asia. Our cluster analysis,
identifying distinct multimorbidity patterns of AF in Indian
and South Asian populations, provides a more nuanced
understanding of the clinical characteristics associated with
adverse outcomes post-AF. Additionally, our investigation
into the ABC pathway adherence highlights the need for
improved implementation of this management strategy,
particularly in populations with high AF burden. The low
adherence rates and their impact on outcomes emphasize the
necessity for integrated care approaches in the region.
Implementing the ABC management pathway more widely in
India and South Asia could play a crucial role in reducing AF-
related morbidity and mortality.

key strengths is that it can uncover hidden patterns and
associations that might not be apparent through tradi-
tional analysis. This approach has been previously
applied to AF patients from different regions, identi-
fying different representative phenotypic clusters and
demonstrating that these clusters were associated with
different risks of adverse clinical outcomes.”* To date,
no relevant studies have been performed in South Asia.
Therefore, it is unclear what phenotypic clusters
may exist in this population, how they are treated and
what their outcomes are concerning contemporary
guideline-recommended holistic or integrated care
management.”'

In this analysis of data from the largest prospective
AF registry in South Asia, the Kerala Atrial Fibrillation
(KERALA-AF) Registry, we performed hierarchical
clustering to explore clinical phenotypic clusters of AF
patients. Second, we analysed the associations between
these clusters with clinical outcomes, their treatment
strategies and the impact of adherence to integrated care
management.

www.thelancet.com Vol 31 December, 2024
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Methods

Study participants

KERALA-AF (trial registration details: CTRI/2017/10/
010097) is an ongoing prospective multicentre cohort
study of patients with AF in Kerala, India, and is the
largest prospective AF registry in South Asia. The pro-
tocol and studies of this registry have been pub-
lished."* The 53 independent centres involved in
KERALA-AF recruited 3401 patients with AF during
2016-2017.

Inclusion and exclusion criteria
In this analysis, we included all patients in the registry,
excluding those who did not complete one-year follow-

up.

Study outcomes

The outcomes of this study included all-cause mortality,
major adverse cardiovascular events (MACE), and
composite bleeding events. MACE were defined as the
composite of cardiovascular disease (CVD) mortality,
cerebrovascular accident (CVA), transient ischaemic
attack (TIA), systemic embolism (SE), or hospitalisation
for acute coronary syndrome (ACS), heart failure (HF)
or arrhythmia. The composite bleeding outcome
included gastrointestinal bleeding, intracranial hae-
morrhage, and minor bleeding.

Definitions of ABC pathway

We assessed adherence to holistic or integrated care
management based on the ABC pathway"* according to
“A”, “B”, and “C” criteria based on the patient’s baseline
features. AF patients meeting all criteria were consid-
ered adherent to the ABC pathway:

@ “A” criterion: patient with high thromboembolic
risk (male: CHA,DS,-VASc >1; female: CHA,DS,-
VASc >2) who received oral anticoagulants (OAC)
was considered as adherent. Patients with low
thromboembolic risk (male: CHA,DS,-VASc 0;
female: CHA,DS,-VASc 1) who did not receive
OAC were also regarded as adherent.

@ ‘B” criterion: Because KERALA-AF was not
designed to assess European Heart Rhythm Asso-
ciation (EHRA) scores of AF at the time of its
original design, actual symptom severity scores
were unavailable. AF-related symptoms were
recorded in KERALA-AF, therefore, to quantify
symptom control in AF patients, we considered
patients with numbers of AF-related symptoms of
<2 as adherent to the B criterion.

@ “C” criterion: We considered the other most com-
mon comorbidities in patients with AF: HF, hy-
pertension, dyslipidemia, coronary artery disease
(CAD), and prior CVA. This criterion requires the
above conditions to receive guideline-defined

www.thelancet.com Vol 31 December, 2024

optimal drug treatments, which were defined as
follows: (i) HF: receiving ACE inhibitors (ACEI) or
angiotensin receptor blockers (ARB) and beta-
blockers; (ii) hypertension: patients were consid-
ered adherent if their systolic blood pressure
<140 mmHg and diastolic blood pressure
<90 mmHg; if patients did not have records of
blood pressure, they were also considered adherent
if receiving beta-blockers or ACEI/ARB or calcium
channel blockers (CCB) or diuretics. Although the
KERALA-AF registry collected whether the patient
had diabetes mellitus (DM) or not, it did not spe-
cifically collect information on the use of antidia-
betic drugs; (iii) dyslipidemia: receiving statins; (iv)
CAD: receiving ACEI or ARB or beta-blockers, and
statins; (v) prior CVA or TIA: receiving statins.
Patients with all of the above conditions receiving
optimal treatment were considered adherent to the
ABC pathway criteria.

Extracted covariates

We collected demographic characteristics (e.g., age, sex),
history of diseases (e.g., prior CVA, prior TIA), comor-
bidities (e.g., HF, hypertension), medications (e.g.,
warfarin, aspirin), AF treatment strategies (e.g., catheter
ablation, pacemaker implantation), and imaging fea-
tures (e.g., left ventricular ejection fraction [LVEF], left
atrium [LA] size).

Ethical approval and informed consent

The KERALA-AF registry study followed the principles
in the Declaration of Helsinki and received ethical ap-
provals from several ethics committees (Institutional
Ethics Committee, Ananthapuri Hospitals and Research
Institute; Institutional Ethics Committee, Sree Chitra
Tirunal Institute of Medical Sciences and Technology;
Ethics Committee, Lisie Heart Institute; Institutional
Ethics Committee, Amrita Institute of Medical Sciences;
Human Ethics Committee, Government Medical Col-
lege, Trivandrum; Institutional Ethics Committee, Car-
ithas Hospital, Kottayam; Institutional  Ethics
Committee, Sree Narayana Institute of Medical Sci-
ences, Institutional Ethics Committee, Government
Medical College, Calicut as well as by the Independent
Ethics Committee of CSI-K). Since the data for this
analysis were anonymised, no additional local ethical
approval and informed consent was required.

Hierarchical clustering approach

For this analysis, we employed Ward’s method to
identify different clusters. Initially, each sample is
considered a separate cluster, and the squared Euclidean
distance is used as a distance measurement between
different clusters. We chose the combination of Ward’s
method and squared Euclidean distance which are
validated in prior studies as being particularly effective
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for binary and categorical datasets due to its ability to
minimise within-cluster variance.*** The distance metric
between clusters is iteratively updated during the ag-
gregation process, with greater distances indicating
larger differences among clusters. Ultimately, the
number of clusters selected for analysis was determined
by observing the merging distance of different clusters
shown in the dendrogram.

Sensitivity analysis

To further verify the reliability of hierarchical clustering,
we performed a sensitivity analysis using K-means
clustering. In K-means clustering, the optimal number
of clusters in K-means is determined using the “elbow
method”. By plotting the explained variance against the
number of clusters, we identified the inflection point
where further addition of clusters resulted in insignifi-
cant model improvement. We then compared the
phenotype clusters from K-means with those from hi-
erarchical clustering to assess the stability of the hier-
archical clustering method. However, since hierarchical
clustering is more suitable for datasets with categorical
variables, we finally used the hierarchical clustering re-
sults for subsequent analysis.

Statistical analysis
For the hierarchical clustering analysis, we used 44
baseline features collected from the KERALA-AF regis-
try with no more than 25% missing values (shown in
Supplementary Table S1; maximum missing value
proportion was 20.6%), including demographics, AF-
related parameters, comorbidities, and imaging fea-
tures. The threshold of 25% was selected to balance the
goals of maintaining data integrity and retaining as
many important variables as possible for meaningful
analysis. We applied multivariate imputation by chained
equations (MICE) to address missing data and ensure
the robustness of the final analysis.” This approach has
been employed in previous clinical studies to impute
missing values with different proportions. For example,
Overtchouk et al. included missing data with the highest
proportion of 24% in their analysis of the French
Transcatheter Aortic Valve Implantation registry.'® Simi-
larly, Moore et al. used MICE to impute 44% of the
missing variables in their cohort.”” Additionally, Mishra
et al. compared the performance of MICE for missing
data with three proportions: 20%, 30% and 50%, the
mean square error after MICE was similar for the
missing proportions of 20% and 30% (both less than
0.1).** This suggested that MICE worked reliably to fill in
missing data when the proportion was less than 30%.
Therefore, we employed MICE with random forests
(with 25 imputations) to handle missing data, utilising
the “miceforest” package in Python.

The results of the analysis of variance showed the
nonnormal distribution of continuous variables in this
study, therefore, they were expressed as median with

interquartile range and compared among groups by
using the Kruskal-Wallis test. Categorical variables were
expressed as numbers with percentages, and differences
among groups were assessed using Fisher’s exact test.
Some transformed categorical variables are defined in
Supplementary Table S2. Then, we used multivariate
logistic regression model analyses to determine differ-
ences in the risk of clinical outcomes across clusters,
using the cluster with the lowest risk for each outcome
event as the reference group, and the results were pre-
sented as odds ratios (OR) and 95% confidence intervals
(CI). Covariates used for adjusting the logistic regres-
sion models included beta-blockers, rate-limiting CCB,
digoxin, ACEI, ARB, dihydropyridine CCB, diuretics,
statins, Class I antiarrhythmic drugs (AAD), Class III
AAD, antiplatelet agents, anticoagulants, pacemaker
implantation, surgery for AF, cardiac defibrillator im-
plantation, left atrial appendage occlusion, and catheter
ablation.

For the ABC pathway for AF, we assessed adherence
to the A criterion, B criterion, C criterion, and ABC
criteria in the whole cohort and each cluster separately.
Subsequently, multivariate logistic regression models
were used to evaluate the effect of ABC criteria adher-
ence (vs. non-ABC adherence) and the impact of
meeting 1-3 ABC criteria (vs. 0 ABC criteria) on all-
cause mortality and MACE, adjusted for age, sex, type
of AF, diabetes mellitus, HF, hypertension, dyslipidae-
mia, CAD, and prior CVA/TIA.

Hierarchical clustering was performed in Python
(version 3.11.4, Python Software Foundation, Beaverton,
OR, USA). Logistic regression analysis was performed
in R (version 4.2.1, R Foundation for Statistical
Computing, Vienna, Austria). Other comparisons were
performed in SPSS (version 29.0.0.1, IBM Corporation,
Armonk, NY, USA). Two-tailed P < 0.05 was considered
as statistically significant.

Role of funding sources

The Kerala-AF registry was supported by the Kerala
Chapter of Cardiological Society of India through a one-
time research grant No. CSI/IEC/2017. The funder did
not play a role in the design or running of the study nor
the analysis of results. No funding was received towards
the analysis and writing of this manuscript.

Results

After excluding 73 patients with incomplete follow-up,
3348 AF patients were included in this analysis. Median
(IQR) age was 65.0 (56.0-74.0) years; 1634 (48.8%) were
male; and median CHA,DS,-VASc was 3.0 (2.04.0).

By observing the dendrogram generated after hier-
archical clustering (Fig. 1), the median value of the Y-
axis was approximately 40, and the distance between the
last four mergers in the clustering process was signifi-
cantly greater than the previous mergers, thus showing

www.thelancet.com Vol 31 December, 2024
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Fig. 1: Clustering process of this study. The cluster analysis strategy was to minimise the variance of attribute differences within clusters using
Ward's approach and the algorithm of squared Euclidean distance. Initially each sample is considered as a separate cluster, the distance metric
between clusters is repeatedly updated during the aggregation of clusters, and finally formed different clusters with similar characteristics. The
complete hierarchical clustering process was visualised as a dendrogram, where different vertical lines indicated different clusters and the Y-axis
represented the distance measure of different clusters with the further away from the end of the tree and the greater the differences between
clusters. By observing the dendrogram generated by the clustering process, the median Y-axis value was around 40, and the distance between
the last four mergers in the clustering process was significantly greater than the previous mergers, therefore 5 clusters were selected.

a clear ‘jump’. Therefore, the following five clusters
were identified in this study (baseline characteristics are
shown in Fig. 2 and Supplementary Table S3).

Cluster 1: patients aged <65 years with rheumatic
conditions

769 (23.0%) patients were included in Cluster 1. The
median (IQR) age was 60.0 (51.0-70.0) years, with 503
patients (65.4%) being <65 years.

Compared with the other clusters, Cluster 1 had the
highest proportion of valvular AF (53.2%), previous
cardiothoracic surgery (34.1%), moderate-to-severe
enlargement of LA (95.7%), and rheumatic involve-
ment (57.6%), as well as the highest proportion of
valvular anomalies among all clusters (P < 0.001 for
each condition).

Patients in Cluster 1 were more likely to have per-
manent AF than those in the other clusters. The pro-
portions of patients with high thromboembolic risk and
high bleeding risk in Cluster 1 were 71.0% and 26.3%,
respectively (P < 0.001 for each condition).

Cluster 2: patients aged >65 years with multi-
comorbidities

677 (20.2%) patients were included in Cluster 2. The
median (IQR) age was 77.0 (71.0-82.0) years, with 647
patients (95.6%) >65 years. In comparison with other

www.thelancet.com Vol 31 December, 2024

clusters, Cluster 2 had the highest proportion of hy-
pertension (75.8%), dyslipidaemia (53.6%), and chronic
kidney disease [CKD] (76.4%) [P < 0.001 for each con-
dition], pointing to the presence of cardiovascular-
kidney-metabolic (CKM) syndrome."

Patients in Cluster 2 were more likely to have
paroxysmal AF than those in the other clusters. Addi-
tionally, the proportions of patients with high throm-
boembolic risk and high bleeding risk in Cluster 2 were
99.9% and 80.5%, respectively (P < 0.001 for each
condition).

Cluster 3: patients aged <65 years with fewer
comorbidities

There were 1091 (32.6%) patients in Cluster 3. The median
(IQR) age was 60.0 (52.0-65.0) years, with 823 patients
(75.4%) <65 years. Cluster 3 had the lowest proportions of
HEF, DM, respiratory disease, and CKD compared with the
other clusters (P < 0.001 for each condition). The pro-
portions of patients with high thromboembolic risk and
high bleeding risk in Cluster 3 were 78.0% and 20.3%,
respectively (P < 0.001 for each condition).

Cluster 4: heart failure patients with multi-
comorbidities

Cluster 4 included 319 (9.5%) patients. The median
(IQR) age was 69.0 (61.0-78.0) years, with 96 patients
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Fig. 2: Patient characteristics of different clusters by hierarchical clustering. AF, atrial fibrillation; AR, aortic regurgitation; BMI, body mass
index; CVA, cerebrovascular accident; LBBB, left bundle branch block; LVH, left ventricular hypertrophy; MR, mitral regurgitation; NYHA, New
York Heart Association; PAH, pulmonary hypertension; RBBB, right bundle branch block; RWMA, regional wall motion abnormalities; SE,

systemic embolism; TIA, transient ischaemic attack.

(30.1%) being age >75 years. HF was prevalent in 99.4%
of patients and significantly higher than other clusters
(P < 0.001). Cluster 4 had the highest proportion of
cardiomyopathy, thyroid disease, DM, CAD and chronic
liver disease (P < 0.001 for each condition). The pro-
portions of patients with high thromboembolic risk and
high bleeding risk in Cluster 4 were 100.0% and 60.8%,
respectively (P < 0.001 for each condition).

Cluster 5: male patients with lifestyle-related risk
factors

There were 492 (14.7%) patients in Cluster 5. The me-
dian (IQR) age was 67.0 (59.0-74.0) years, and 484
(98.4%) were males. Compared to the other clusters,
Cluster 5 had the highest proportion of past/present
smokers at 72.0% and past/present alcohol drinkers at
99.2% (P < 0.001 for each condition). The proportion of
prior CVA in Cluster 5 was also the highest. The pro-
portions of patients with high thromboembolic risk and
high bleeding risk in Cluster 5 were 89.0% and 70.9%,
respectively (P < 0.001 for each condition).

Sensitivity analysis by K-means clustering

Using K-means clustering, the elbow method deter-
mined an optimal k of 5 (Supplementary Figure S1), so
the same five clusters were identified with hierarchical

clustering (baseline characteristics are shown in Fig. 2
and Supplementary Table S4). Clusterymeans 1
(n = 802): Patients aged >65 years with multiple comor-
bidities, suggesting CKM (>65 years: 100.0%, hyperten-
sion: 76.7%, dyslipidaemia: 55.9%, CKD: 75.6%),
corresponding to Cluster 2 of hierarchical cluster anal-
ysis. Clusterimeans 2 (0 = 916): Patients aged <65 years
with fewer comorbidities (<65 years: 85.7%, proportions
of HF, DM, respiratory disease, and CKD compared
with others, corresponding to Cluster 3 of hierarchical
cluster analysis. Clusteri.means 3 (1 = 792): patients aged
<65 years with rheumatic conditions (<65 years: 73.6%,
valvular AF: 53.2%, previous cardiothoracic surgery:
38.5%, moderate-to-severe enlargement of LA: 98.0%,
rheumatic involvement: 57.6%), which corresponds to
Cluster 1 of hierarchical cluster analysis. Cluster.means 4
(n = 483): male patients with lifestyle-related risk factors
(males: 98.6%, past/present smokers: 75.2%, past/pre-
sent alcohol drinkers at 100.0%), corresponding to
Cluster 5 of the hierarchical cluster. Clustery means 5
(n = 355): HF patients with multiple comorbidities (HF:
98.3%, cardiomyopathy: 23.1%, thyroid disease: 14.9%,
DM: 48.7%, CAD: 68.5%), which corresponds to Cluster
4 of hierarchical cluster. The K-means clustering results
closely mirrored the hierarchical clustering, identifying
the same five distinct clinical phenotypes in the patient
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cohort, further validating the robustness of the clus-
tering analysis.

Therapeutic management of clusters

Fig. 3 and Supplemental Table S5 summarise the
treatments of AF in the five clusters. Cluster 2 and
Cluster 4 had relatively higher rates of antiplatelet
agents use (57.6% and 57.7%, respectively; P < 0.001).
Cluster 1 had the highest use of OAC, while Cluster 4
had the lowest use of OAC (P < 0.001). Among OAC,
vitamin K antagonists were more frequently used in
Cluster 1 (P < 0.001), whereas non-vitamin K antagonist
OAC were used in <10.0% of all clusters (P < 0.001),
likely due to the prevalence of valvular AF in this cluster.
Combined use of OAC and antiplatelet therapy was
more frequent in Clusters 2 and 5 but less common in
Cluster 1 (P < 0.001). A rhythm control strategy was
more commonly utilised in Cluster 5, while a rate con-
trol strategy was more common in Cluster 1 (P < 0.001).

Adverse cardiovascular outcomes among clusters
During the one-year follow-up period, the cumulative
incidence of all-cause mortality was 8.1% in Cluster 3,
10.4% in Cluster 5, 12.9% in Cluster 1, 17.7% in Cluster
2, and 21.3% in Cluster 4 (P < 0.001). The incidence of
MACE was lowest in Cluster 3 (19.2%), while the cu-
mulative incidence of MACE was 22.6%, 24.3%, 30.6%,
and 32.6% in Clusters 5, 1, 2 and 4 respectively
(P < 0.001) [Supplementary Figure S2].

Fig. 4 presents the results of the multivariate logistic
regression analysis for various outcomes across clusters.
Compared to Cluster 3, the risk of all-cause mortality
was not significantly different for Cluster 5, whereas the
other three clusters had higher risks of all-cause mor-
tality (Cluster 1: OR 1.74, 95% CI 1.27-2.38, P < 0.001;

Cluster 2: OR 2.40, 95% CI 1.78-3.25, P < 0.001; Cluster
4: OR 2.74, 95% CI 1.90-3.94, P < 0.001).

There was no significant difference in the risk of
MACE in Cluster 5 compared to Cluster 3, whereas the
risk of MACE was significantly higher in the other three
clusters (Cluster 1: OR 1.36, 95% CI 1.08-1.71, P = 0.009;
Cluster 2: OR 1.79, 95% CI 1.42-2.25, P < 0.001; Cluster
4: OR 1.76, 95% CI 1.31-2.36, P < 0.001).

For the individual endpoints within MACE, the
CVA/TIA/SE risk was significantly higher for Clusters
1,2, 4 and 5 compared with Cluster 3 (Fig. 4). The risks
of ACS, HF and arrhythmia hospitalisation did not
differ significantly between the clusters, except that
Cluster 3 had a significantly higher risk of arrhythmic
hospitalisation than Cluster 4 (OR 2.11, 95% CI
1.05-4.25, P = 0.037). There were no significant differ-
ences in the risk of composite bleeding events among
the clusters.

ABC pathway adherence

Fig. 5 illustrates adherence of A criterion, B criterion, C
criterion, and full ABC pathway adherence in the overall
cohort and different clusters. Adherence to the A crite-
rion for the overall cohort was approximately 60%,
generally similar across different clusters. Adherence to
the B and C criteria in the overall cohort was about 40%,
significantly different across clusters. Both were lowest
in Cluster 4 (B criterion: 32.0%; C criterion: 10.3%). The
proportion of ABC pathway adherence was about 1 in
10, with Cluster 1 and Cluster 4 having less than 10%
adherence.

Multivariate logistic regression analyses (Fig. 6) indi-
cated that in the overall cohort, compared with no inte-
grated care, fully ABC pathway adherence was associated
with reduced all-cause mortality (OR 0.26, 95% CI

Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5
Amiodarone 1.7 23.0 18.0 37.0 19.3
Sotalol 0.0 0.1 0.0 0.0 0.2
Propafenone 4 0.3 0.3 0.4 0.0 0.2
Flecainide 1 /1.0 0.9 1.4 0.6 1.0 Medications
Warfarin 4 61.2 45.5 52.7 41.4 457
Acenocoumarol {161 8.7 137 11.0 15.4
Phenindione- 0.3 0.1 0.0 0.0 0.0
Dabigatran- 2.1 4.9 1.9 2.5 4.5
Apixaban /0.7 3.2 0.5 1.9 3.7
Rivaroxaban 1 /0.7 1.3 0.7 1.3 1.6
Aspirin {159 34.1 245 345 31.7
Clopidogrel 127 40.5 21.9 44.2 30.9
Prasugrel 0.0 0.3 0.0 0.3 0.4 o
Ticagrelor 0.0 0.3 0.3 0.3 1.0 Non-medications
Digoxin 4 49.7 19.9 32.0 47.0 27.4
ACEl4 156 7.4 7.6 14.1 10.2
ARB A 12.1 18.9 13.5 10.3 J746)
Diuretics 4 55.1 39.6 35.7 74.3 40.9
Statin - 32.0 65.3 49.3 59.6 56.3
Catheter Ablation+ 0.4 0.0 0.5 0.3 1.2
Pacemaker Implantation 4 3.4 5.8 4.3 3.1 5.3
Surgery of AF4 0.3 0.1 0.3 0.3 0.0
ICD Implantation 0.1 0.4 0.1 1.3 0.6 X
PR 0 0.1 0.2 03 0.0 AF Therapy Strategies
Rhythm Control 1 8.7 27| 17.6 15.4 20.1
Rate Control { I NG | | 823 [ 824 I 846 I 17919
o n o ~ o n [41] ~ o n [41] ~ o n [41) ~ o n (o) =y
o o o o o o o o o o o o o o

Percentage (%)

Fig. 3: AF treatment managment of different clusters by hierarchical clustering. ACEI, angiotensin-converting enzyme inhibitors; AF, atrial
fibrillation; ARB, angiotensin Il receptor blockers; CCB, calcium channel blockers; ICD, Implantable cardioverter defibrillator; LAAO, left atrial

appendage occlusion.
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OR (95% CI)
All-cause Mortality Cluster 1 1.74 gl 27,2.38)
Cluster 2 2.40 (1.78, 3.25)
Cluster 3 Reference
Cluster 4 2.74 (1.90, 3.94)
Cluster 5 1.36 (0.94, 1.96)
MACE Cluster 1 1.36 (1.08, 1.71)
Cluster 2 1.79 (1.42,2.25)
Cluster 3 Reference
Cluster4 1.76 gl 31,2.36)
Cluster 5 1.25 (0. 96 1. 63)
Cardiovascular Mortality Cluster 1 1.77 (1.26, 2.47)
Cluster 2 2.54 (1.85, 3.49)
Cluster 3 Reference
Cluster 4 2.84 (1.93,4.17)
Cluster 5 1.37(0.92, 2.03)
CVA/TIA/SE Cluster 1 2.46 §1.14, 5.27)
Cluster 2 2.64 (1.22,5.72)
Cluster 3 Reference
Cluster 4 3.70 (1.52,9.02)
Cluster 5 2.55(1.11, 5.88)
Hospitalization for ACS Cluster 1 1.26 EO .83,1.92)
Cluster 2 1.27 (0.83, 1 96)
Cluster 3 Reference
Cluster 4 1.11 (0.64, 1.93)
Cluster 5 1.37 (0. 87 2.17)
Hospitalization for HF Cluster 1 1.21 (0.59, 2.48)
Cluster 2 1.80 (0.90, 3.62)
Cluster 3 Reference
Cluster 4 1.43 (0.58, 3.49)
Cluster 5 1.93 (0. 92 4.04)
Hospitalization for Arrhythmia Cluster 1 1.54 (0.74, 3.23)
Cluster 2 1.54 EO 73,3.24)
Cluster 3 2.11 (1.05, 4. 25)
Cluster 4 Reference
Cluster 5 1.29 (0.58, 2.86)
Composite Bleeding Cluster 1  0.90 (0.34, 2.38)
Cluster 2 Reference
Cluster 3 1.36 EO.SS, 3.18)
Cluster 4 1.27 (0.39, 4.13)
Cluster 5 1.49 (0.56, 3.95)

P-value P-for-trend

<0.001
<0.001

<0.001
0.102

0.009
<0.001

<0.001
0.095

<0.001
<0.001

<0.001
0.120

0.021
0.014

0.004
0.028

0.273
0.275

0.699
0.178

0.606
0.098

0.438
0.081

0.250
0.253
0.037
0.534
0.834
0.485

0.686
0.421

<0.001

—

0.003

<0.001

0.013

0.248

0.067

0.238

0.262

e

0123

Odds Ratio

Fig. 4: Risk for outcomes on multivariate logistic regression analysis among different clusters by hierarchical clustering. Adjust for beta-
blockers, rate-limiting calcium channel blockers, digoxin, angiotensin-converting enzyme inhibitors, angiotensin Il receptor blockers, dihy-
dropyridine calcium channel blockers, diuretics, statins, Class | AAD, Class Ill AAD, antiplatelet agents, anticoagulants, pacemaker implantation,
surgery for atrial fibrillation, cardiac defibrillator implantation, left atrial appendage occlusion, and catheter ablation. AAD, antiarrhythmic drug;
ACS, acute coronary syndrome; Cl, confidence interval; CVA, cerebrovascular accident; HF, heart failure; MACE, major adverse cardiovascular
events; OR, odds ratio; SE, systemic embolism; TIA, transient ischemic attack.

0.15-0.46, P < 0.001) and MACE (OR 045, 95% CI
0.31-0.46, P < 0.001). Similar trends were evident in
different clusters, although the limited sample size of
some clusters resulted in statistically insignificant P values.

Fig. 6 demonstrates a graded effect of ABC pathway
adherence when comparing the impact of 0, 1, 2 and 3
criteria on mortality and MACE in the overall cohort and
within each cluster.

Discussion

In this cluster analysis from the KERALA-AF registry,
five clinical phenotypes were identified in South Asian
patients with AF. (i) Patients aged <65 years with
rheumatic conditions. (if) Patients aged >65 years with
multiple comorbidities. (iii) Patients aged <65 years
with few comorbidities. (iv) HF patients with multiple
comorbidities. (v) Male patients with lifestyle-related
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All Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5
A Criterion - 63.4 60.2 64.0 64.8 58.0 68.1
B Criterion - 39.5 33.9 44.0 42.0 32.0 415
C Criterion - 39.7 47.6 321 47.6 10.3 39.4
ABC Criteria - 10.1 7.9 10.6 13.1 1.9 11.2
) ~ & 2 o© ~ & 2 o 5 & g o 5 & g o © & % o© © & Y
oS = S S o S S S =3 =3 S S =3 S S o S
Percentage (%)
ABC pathway adherence status, n (%) All Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 P-value
A Criterion 2123 (63.4) 463 (60.2) 433 (64.0) 707 (64.8) 185 (58.0) 335(68.1) 0.011
B Criterion 1323 (39.5) 261 (33.9) 298 (44.0) 458 (42.0) 102 (32.0) 204 (41.5) <0.001
C Criterion 1329 (39.7) 366 (47.6) 217 (32.1) 519 (47.6) 33 (10.3) 194 (39.4) <0.001
ABC Criteria 337 (10.1) 61 (7.9) 72 (10.6) 143 (13.1) 6(1.9) 55(11.2) <0.001

Fig. 5: The A criterion, B criterion, C criterion, and ABC criteria in the whole cohort and each cluster by hierarchical clustering.

risk factors. Second, different prognostic outcomes were
associated with different phenotypic clusters within our
study. Patients aged >65 years with multi-comorbidity
and HF patients with multi-comorbidity had a worse
prognosis, with higher rates of all-cause mortality,
MACE, cardiovascular mortality and CVA/TIA/SE.
Third, ABC pathway adherence was low, but adherence
to the ABC pathway significantly reduced the risk of all-
cause mortality and MACE, even in the clusters.

Importance of identifying disease-related clinical
phenotypes

AF is rarely an isolated disease but is often a compli-
cation of cardiac and non-cardiac disease. Cluster anal-
ysis can categorise patients based on various clinical

All-cause mortality Events %  OR(95% CI) Pvalue P-for-trend
Overall Cohort - ABC adherent vs. non-adherent 16337 47 036.(021,061) <0001 +—
0ABC 85432 19.7 ¢ <0001
1ABC 2001304 143 0TS(O08. 100 0086 i
24BC DI1ISS 105 059043080 <0001
3ABC crteria 10337 47 026(015.046) <0001
Cluster | ABC adherent vs. noncadherent — 5/61 82 0.57(021,150) 0252 it
0 ABC criteria 17750 0007
1ABC s1349 146
241 26279 9
3 ABC criteria si61
Cluster2  ABC adherent vs. non-adherent 472 5.6 026(0.09,0.74) 0011 +—t
0 ABC citeria 2497 247 Reference 0003
1 ABC criteria Soa84 197 073(04 —
2 ABC crteria 36224 116 0390 0 —
3 ABC eriteria 472 58 018(006,057) v
Cluster3 ABCadherent vs. noncadherent 7143 49 0.62(027,138) 0239 +———f
144 0016
86 05 ) 0107 —t
68 047(02409) 0025
49 035013001 0030 +—i
Cluster 4 00
212 Reference
240 124(065.238) 0515 —_—
s OO ook
Cluster 5 00
173
103 —_—
s —_—
00
L e e o
005 1 15 2253
Odds Ratio

Fig. 6: Impact of adherence to the ABC pathway on all-cause mortality and mace in the whole cohort and each cluster by hierarchical
clustering. Adjusted for age, sex, type of atrial fibrillation, diabetes mellitus, heart failure, hypertension, dyslipidaemia, coronary artery disease,

characteristics and potentially identify clinically relevant
but subtle phenotypes.

Due to the differences in clinical phenotypes, the
outcome varies significantly among different clusters.
For example, patients in Cluster 1 were mainly patients
aged <65 years with rheumatic conditions and signifi-
cantly enlarged LA due to mitral stenosis. Rheumatic
heart disease commonly results in mitral stenosis®;
however, if treated with surgical valve replacement, the
outcome is more favourable.” Therefore, outcomes in
Cluster 1 were relatively better than in Cluster 2 or
Cluster 4, whose age tended to be more advanced, along
with multiple comorbidities. These factors are well-
known to be the determinants of adverse outcomes in
patients with AF.”* In contrast, patients in Cluster 3

MACE Events %  OR(95% CI) P-valuc P-for-trend
Overall Cohort ABC adherent vs. therent 54337 160 0.61 (0.45,0.83)  0.002 —
143/432 33.1 R
359/1394 258 076 (0.60,0.96) 0021 —
263/1185 222 065 (0.50,0.84) <0.001 =
337 160 045(031.0064) <0001
Cluster | 10661 164 059(029,121) 0147  +———it
2550 313 R 0.087
§8340 252 080(046,140) 0440  ——i
64279 220 072(040.129) 0272  ——i
10661 164  046(019,109) 0078 +—rit
Cluster2  ABCadherentvs. non-adherent — 13/72 18.1 046 (024,087) 0017  +——f
0 ABC criteria 3997 402 R 0.004
1 ABC ci 907284 317 0.68 (0.4 ons  —
2ABC 65224 290 0.60(0.361101) 0056 i
3 ABC criteria 372 181 0320015067 0003 +—i
Cluster3  ABC adherent vs. non-adherent  26/143 182 1.01(0.64, 1.61) 0962 —_
3118 263 Reference. 0.063
7405 215 082(051,134) 0429 —
66/425 155 0.57(034.095) 0030  +——i
26143 182 072(038133) 0293 1
Cluster 4 o6 00
—
—_—
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0.080
—
—
b
005 1 152 25 3

5
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and prior cerebrovascular disease or transient ischaemic attack. ClI, confidence interval;, MACE, major adverse cardiovascular events; OR, odds

ratio.
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and Cluster 5 had fewer comorbidities and, perhaps
unsurprisingly, had relatively better outcomes.

Cluster 2, although defined as a multi-comorbidities
group, had the highest proportion of CKD and dyslipi-
daemia. These characteristics suggested that Cluster 2
might manifest CKM syndrome,” a complex clinical
syndrome involving multiple disorders of the cardiac,
renal, and metabolic systems that interact with each
other and contribute to the progression of the dis-
ease.”* This finding highlights the potential impor-
tance of identifying CKM in patients with AF, and
future studies are necessary to clarify the impact of the
presence of CKM on the prognosis of AF.

Comparisons with prior clustering studies related
to AF in other ethnicities

Several studies have used clustering to evaluate the
clinical phenotypes and their associated outcomes in
patients with AF. Vitolo et al. analysed with hierarchical
clustering the AF patients in the AMADEUS and
BOREALIS trials and identified four different clinical
phenotypes with unique clinical characteristics and
various outcomes, as follows: Cluster 1 with low rates of
cardiovascular risk factors and comorbidities; Cluster 2
with high burden of cardiovascular risk factors; Cluster
3 with high burden of cardiovascular comorbidities; and
Cluster 4 with the highest rates of non-cardiovascular
comorbidities. When compared with Cluster 1, only
Cluster 4 was associated with an increased risk of all-
cause mortality and major bleeding.”

In a study by Ogawa and colleagues, AF patients
were categorised into six comorbidity clusters, each with
significantly distinct outcomes.® Compared to Cluster 2,
Cluster 1 (patients with a mean age of 48.3 years,
characterised by a low prevalence of risk factors and
comorbidities) was associated with a lower risk of
adverse outcomes, whereas other Clusters 3-6 (patients
with atherosclerotic risk factors and comorbidities) were
linked to allcause mortality and cardiovascular
mortality.

Saito et al. utilised the K-prototype method for cluster
analysis in the SAKURA AF registry and further exter-
nally validated this in the RAFFINE AF registry.” Five
clusters were identified with varying characteristics, and
when compared with Cluster 1 (males with a mean age
of 57.1 years and few comorbidities), other clusters were
related to a higher risk of all-cause mortality and com-
posite events (including major bleeding, stroke,
myocardial infarction and all-cause mortality), with
Cluster 4 (female patients and with prior heart failure)
experiencing the worst outcomes.

Our findings are partially consistent with previous
studies while presenting some unique characteristics.
Similar to clusters identified by Vitolo et al.,”* Ogawa
et al.* and Saito et al.,** we also identified a low-risk
cluster comprising patients aged <65 years with fewer
comorbidities (Cluster 3 in our study). Similarly,

patients aged >65 years with multiple comorbidities had
a significantly worse prognosis, as shown in our Cluster
2 (patients aged >65 years with CKM) and Cluster 4 (HF
patients with multiple comorbidities), which coincided
with prior works. However, our study highlights dif-
ferences between the comorbidity clusters, with Clus-
ters 2 and 4 underscoring the importance of CKM and
HF, respectively. This refined distinction between these
two high-risk groups is unique to our study and has not
been clearly defined in previous studies. Moreover, we
also identified Cluster 1 (patients aged <65 years with
rheumatic conditions) and Cluster 5 (male patients with
lifestyle-related risk factors), which were not mentioned
in prior studies but showed significant risks of adverse
prognosis in our study, further emphasising the het-
erogeneity of AF patients in different regions and
populations.

Although these studies all utilised clustering
methods, the phenotypic characteristics of the clusters
varied significantly among different studies, indicating
that AF patients have significant clinical heterogeneity
in other regions or ethnicities. Prior studies were based
on analyses from clinical trials or registries conducted in
developed countries,****° but data from the developing
area were scarce. Our study demonstrates the utility of
cluster analysis for AF patients in developing countries.
Moreover, patients in the KERALA-AF Registry had
their characteristics such as low anti-coagulation ther-
apy, high use of rate control strategy and high comor-
bidities burden, making it a representative cohort for
clinical phenotypes analysis with clustering.

In our study, the percentage of adherence to the ABC
pathway in the KERALA-AF Registry was low, with only
10.1% of patients fully adherent. However, prior studies
have shown significant differences in the ABC pathway
adherence across regions and ethnicities. Krittayaphong
et al. reported an ABC pathway adherence rate of 42.7%
among AF patients in the COOL-AF Registry in
Thailand and that patients who adhered to the ABC
pathway (either fully or partially) had a lower risk of all-
cause mortality and cardiovascular events compared to
non-adherents.” Similarly, in the Gloria-AF registry
(mainly involved European and North American AF
populations), Romiti et al. reported an ABC pathway
adherence rate of 26.4% and that adherence to the ABC
pathway significantly reduced the risks of all-cause
mortality and adverse cardiovascular events. Compared
with these regions, whether in Europe, North America
or other Asian countries (e.g. Thailand), the adherence
of the South Asian AF population in our study was
significantly lower, which reflects the differences in
medical services and resources.

The difference in adherence to the ABC pathway
among the five clusters also showed significant differ-
ences. The proportion of patients fully adhering to the
ABC pathway was relatively higher in Cluster 3 (13.1%)
and lowest in Cluster 4 (1.9%). Among “ABC criteria”,

www.thelancet.com Vol 31 December, 2024


http://www.thelancet.com

Articles

the greatest difference among the five clusters was
concerning adherence with the C criterion, especially in
Cluster 4, whereby only 10.3% had adherence. Consis-
tently, the outcomes in Cluster 4 were the worst among
the five clusters. Similar to our study, Krittayaphong
et al. conducted another clustering analysis of the
COOL-AF Registry, which identified three clusters:
Cluster 1 consisted of patients whose mean age was 75.6
years, characterised by multiple comorbidities; Cluster 2
included patients with a mean age of 56.5 years and few
comorbidities; and Cluster 3 consisted of patients with
an average age of 74.3 years and few comorbidities.
They further reported that Clusters 1 and 3 benefited
from ABC pathway adherence, whereas the effect was
non-significant for Cluster 2.

Our findings also demonstrated that adherence to
the ABC pathway was protective in some clusters. For
example, adherence to the ABC pathway in Cluster 2
was associated with a lower risk of all-cause mortality
and MACE. However, due to the short follow-up period
and extremely low adherence to the ABC pathway, our
study failed to achieve satisfactory statistical power to
clarify the effect of ABC pathway adherence on different
clusters.

Nevertheless, our findings further emphasised the
great heterogeneity in clinical characteristics and man-
agement of AF. Importantly, adherence to the ABC
pathway was associated with improved clinical outcomes
in patients with AF, as recommended by current
guidelines.”

Cluster analysis identifies clinically relevant pheno-
typic groups of AF patients, based on which more spe-
cific management strategies can help improve
outcomes. For example, patients in Cluster 1 are mainly
with rheumatic conditions, and anticoagulant therapy is
particularly important because these patients have an
extremely high risk of thromboembolism. For patients
in Cluster 3, the treatment of comorbidities should be
intensified due to their high comorbidities burden and
high risk of MACE. In contrast, lifestyle modifications
could be a practical approach for patients in Cluster 5.
Therefore, this clustering approach may help identify
patient subgroups for implementing phenotype-specific
treatments and optimise clinical decision-making.
Future prospective studies and randomised controlled
trials are required to validate the clinical utility of clus-
tering and to determine whether specific treatments
work better or worse within identified clusters.

Despite the overall low adherence in the South Asian
AF population, ABC pathway adherence was still asso-
ciated with a significant reduction in adverse outcomes.
Moreover, the effect of ABC pathway adherence varied
among different clusters. Considering our findings,
more targeted interventions should be explored for
improving ABC pathway adherence in different clinical
phenotype clusters in the South Asian AF population,
especially in high-risk clusters.
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Besides, our cluster analysis revealed significant
differences between different phenotype clusters, which
provides a basis for constructing accurate personalised
prediction tools. Predictive models for high-risk AF
phenotypes can be constructed in the future based on
essential variables such as electrocardiograms, echo-
cardiographic parameters, and cardiac biomarkers.
These tools are promising for improving the efficiency
of healthcare resource allocation and the quality of
clinical decision support. Additionally, cross-ethnic
validation will further promote the universality of
these cluster optimisation models in different pop-
ulations, providing a basis for managing AF in other
ethnic groups and regions.

There are several limitations to our analysis. First,
this is a post hoc analysis from an observational registry
with limited ability to analyse subgroups not pre-
specified in the original study design. Some variables
had much missing data so that reliability may be
limited. Second, follow-up data from the KERALA-AF
registry only recorded events during the follow-up
period but without the specific date of occurrence,
making it impossible to perform time-to-event analysis.
Third, the clusters identified in this analysis were based
on baseline characteristics only; however, risk is dy-
namic and may be altered by new complications or
subsequent treatment decisions—i.e., patients may
transition between clusters across follow-up. Fourth, our
study recruited patients from hospitals, which may not
apply to the general population. Fifth, although our se-
lection of the optimal number of clusters for hierarchi-
cal clustering was based on scientific methodology and
there were significant differences in characteristics and
risks between clusters, the results of the cluster analyses
should be interpreted with caution, as different algo-
rithms or thresholds may result in different clusters
being identified. Sixth, the limited number of patients
who were fully adherent to the ABC pathway and the
small number of events limited statistical power and
some outcomes were not statistically significant or had
huge 95% Cls. Also, our results for ABC adherence are
only based on baseline data, and adherence rates may
change subsequently. Lastly, although this study is
derived from the largest South Asian AF registry, it is
the first to identify clinical subtypes of South Asian AF
with different risks and demonstrates the effectiveness
of the ABC pathway in improving prognosis, future
prospective trials with more rigorous designs are
necessary to confirm our results.

Cluster analysis is an effective method for identifying
patients with different clinical phenotypes in a given
dataset, which has implications for clinical outcomes.
Five major clinical groups were identified for the first
time in South Asian AF patients: patients aged <65
years with rheumatic conditions, patients aged >65 years
with multiple comorbidities, patients aged <65 years
with few comorbidities, HF patients with multiple
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comorbidities, and male patients with lifestyle-related
risk factors. Compared to patients aged <65 years with
few comorbidities, other clusters were associated with a
higher risk of major adverse outcomes. Based on this,
clinicians can implement targeted interventions,
improving outcomes and resource use. Despite poor
ABC pathway adherence overall, such adherence still
positively impacted clinical outcomes even in low-
resource settings, with varying effects across clusters.
Future research should focus on enhancing adherence
and personalised care strategies for optimised manage-
ment of these patient.
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