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Abstract

Background: CHA2DS2-VASc score in cardiac amyloidosis (CA)
with atrial fibrillation (AF) is believed to underestimate ischemic
stroke risk, necessitating a better predictive model.

Methods: Data were obtained from the National Readmission Data-
base (NRD). Outcomes between CA-AF and no-CA-AF were com-
pared using multivariate regression analysis to calculate adjusted
odds ratios (aORs). AutoScore, an interpretable machine learning
framework, was used to develop a stroke risk prediction model, and
its predictive accuracy was evaluated with an area under the curve
(AUC) using the receiver operating characteristic analysis.

Results: A total of 11,860,804 (CA-AF 22,687 (0.19%) and no-CA-
AF 11,838,117) patients were identified from 2015 to 2019. The ad-
justed odds of mortality (aOR: 1.41 and 1.29), stroke (aOR: 1.78 and
1.74), non-intracranial hemorrhage (aOR: 2.10 and 1.85), and intrac-
ranial hemorrhage (aOR: 14.4 and 4.26) were significantly higher in
CA-AF compared with non-CA-AF at both index admission and 30
days, respectively. The CHA2DS2-VASc score had a poor discrimi-
native accuracy for stroke at 30 days in CA-AF (AUC 49%, 95%
confidence interval (CI): 47 - 51, P = 0.54). The machine learning au-
toscore integrative model revealed excellent predictive ability of our
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newly proposed E-CHADS score (end-stage renal disease (ESRD),
congestive heart failure (CHF), hypertension (HTN), cancer, demen-
tia, and diabetes mellitus (DM)) for 30-day risk of ischemic stroke in
CA-AF (cutoff of 52 points random forest score) with an AUC of 80%
(95% CI: 74 - 86).

Conclusions: CA with AF carries a high risk of ischemic stroke
that is not accurately predicted by the CHA2DS2-VASc score. Our
proposed model (E-CHADS) identifies three new variables (ESRD,
dementia, and cancer) that have higher discriminative accuracy for
ischemic stroke in these patients.

Keywords: Cardiac amyloidosis; Atrial fibrillation; Ischemic stroke;
CHA2DS2-VASc score; End-stage renal disease; Dementia; Cancer

Introduction

Atrial fibrillation (AF) significantly burdens society and the
healthcare system. The current prevalence of AF in the USA
is about 5.2 million and is estimated to rise to 12.1 million
by 2030 [1]. Despite strong efforts by professionals, and the
scientific community, AF remains a leading cause of heart fail-
ure (HF) related hospitalizations, ischemic stroke, and mor-
tality [1]. It is the most commonly encountered arrhythmia in
patients with HF, particularly those with cardiac amyloidosis
(CA) (in about 70% of patients) [2]. The association between
AF and CA has important clinical implications. AF-related
loss of atrial contribution to an already hypertrophied and dys-
functional left ventricle is often poorly tolerated, which not
only results in profound clinical deterioration but also leads
to recurrent hospitalizations [3]. CA-associated atrial dilata-
tion exponentially increases the risk of intracardiac thrombus,
systemic embolism, and ischemic stroke [4, 5].

Given the complex interplay of AF and CA, the traditional
risk assessment tool (CHA2DS2-VASc score) poorly estimates
the risk of ischemic stroke [6]. Some evidence supports the
use of oral anticoagulation (OAC) in CA-AF patients regard-
less of the CHA2DS2-VASc score and even after restoration
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of the sinus rhythm [6, 7]. However, there has been no study
to assess the accuracy of CHA2DS2-VASc, and to determine a
better predictive risk assessment tool for ischemic stroke in pa-
tients with CA-AF. Providers are often left to expert consensus
and clinical experience to aid in decision-making. The current
study aimed to assess the thrombotic and bleeding outcomes of
CA-AF in the context of OAC and to evaluate the discrimina-
tory accuracy of the CHA2DS2-VASc score. Using a machine
learning algorithm, this study also sought to develop a model
that had a better predictive ability for ischemic stroke.

Materials and Methods

Data source

The data were obtained from the Nationwide Readmissions Da-
tabase (NRD), which is part of the Healthcare Cost and Utiliza-
tion Project. It was established by the federal-state-industry part-
nership and monitored by the Agency for Healthcare Research
and Quality. The NRD is an all-payer database that contains data
from more than 18 million discharges from 22 US states each
year. The unweighted data of NRD account for 49% and 51% of
the total US hospitalizations and population, respectively. NRD
contains unique identification codes that can link patients across
the same year, allowing us to capture readmission. The data
were anonymized and hence exempted from the approval of the
Institutional Review Board (IRB). This study did not involve
any human or animal subjects, and therefore ethical compliance
considerations were not applicable.

Study design and population

Using the International Classification of Diseases-10th Re-
vision-Clinical Modification (ICD-10-CM) codes, all hospi-
talizations for AF were identified between September 2015
and November 2019 (Supplementary Material 1, cr.elmerpub.
com). As the data are annualized, hospitalizations in Decem-
ber of each year were excluded, to enable 30-day outcomes
for each index admission. Using the standard ICD-10 code
for organ-specific amyloidosis and cardiac failure, patients
with CA were identified. All patients with AF were divided
into two groups, those with CA and without CA. Each group
was stratified based on the risk of ischemic stroke determined
by the CHA2DS2-VASc (congestive heart failure (CHF), ar-
terial hypertension (HTN), age > 75 years, diabetes mellitus
(DM), stroke, vascular disease, age 65 - 74 years, sex). The
CHA2DS2-VASc score was categorized into three groups: low
risk (CHA2DS2-VASc = 0 - 1), moderate risk (CHA2DS2-
VASc = 2), and high risk (CHA2DS2-VASc > 3).

Study objectives and outcomes

The major objectives and outcomes of our study can be cat-
egorized into three major sections: 1) Comparing the index-
admission and 30-day adjusted risk of in-hospital mortality,

ischemic stroke, non-intracranial hemorrhage (non-ICH), and
ICH between patients with CA vs. without CA; stratified by
CHA2DS2-VASc score and long-term use of OAC; 2) Assess-
ing the discriminative accuracy of CHA2DS2-VASc score for
30-day ischemic stroke in patients with AF and concomitant
diagnosis of CA; 3) Developing a predictive model with a ma-
chine learning algorithm for the risk of ischemic stroke in pa-
tients with AF and CA.

Statistical analysis

Outcomes of CA-AF vs. non-CA-AF

Categorical variables were summarized as percentages and
frequency and compared using the Chi-squared test. The pro-
portion of random missing data was < 1% and hence was ex-
cluded. A binomial multivariable logistic regression model
was used to estimate adjusted odds ratios (aORs) for mortal-
ity, stroke, ICH, and non-ICH. Net results were further strati-
fied based on the CHA2DS2-VASc score and history of prior
use of OAC therapy. A P value interaction analysis enabled an
evaluation of the impact of potential effect modifiers. The cu-
mulative incidence of major outcomes was assessed using the
Kaplan-Meier (KM) curves.

Discriminative accuracy of CHA2DS2-VASc score for is-
chemic stroke in CA-AF

Next, the performance of the CHA2DS2-VASc risk score and
CHA2DS2-VASc categories in predicting the risk of ischemic
stroke across CA-AF was determined. An area under the curve
(AUC) was calculated using receiver operating characteris-
tic (ROC) analysis, to assess how well the logistic regression
model fits the dataset.

Development of machine learning predictive model for is-
chemic stroke in CA-AF

Finally, a stroke prediction model was created using the set
guidelines by TRIPOD (Transparent Reporting of a Multivari-
able Prediction Model for Individual Prognosis or Diagnosis)
[8]. The final 30-day readmission data were divided into three
non-overlapping cohorts in a proportion of 70%, 20%, and 10%
for training-, validation-, and testing-sets, respectively. The
training set was used for model development, while the valida-
tion set guided hyperparameter tuning, including optimization
of the number of variables and cut-off thresholds for predictor
selection. The final model performance was then evaluated in
the independent testing set. We did not apply k-fold cross-val-
idation or bootstrapping, as the large dataset and split-sample
design allowed sufficient internal validation while maintaining
interpretability. The continuous variables in the dataset were
transformed into categorical variables with the cut-off values
determined by the quantiles of the data points.

A combined regression and machine learning approach
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was used to create a predictive accuracy model. For the latter,
an AutoScore framework was utilized to automate the deriva-
tion of point-based risk scores (range 1 - 100) for variables that
had a biologically plausible relation with the outcome (ischem-
ic stroke) [9, 10]. A total of 42 variables based on clinical rel-
evance comprising components of the CHA2DS2-VASc score,
demographics, and major baseline comorbidities were fed into
the model as potential predictors. Random forest (RF), a well-
validated machine learning algorithm, was utilized to rank the
variables in order of their importance for ischemic stroke pre-
diction [11]. The RF model is a non-parametric method and
consists of multiple tree-structured classifiers which evolve to
a maximum size by training on a random selection of variables
and a bootstrap sample. The RF ranking is based on the virtue
of variables being heterogeneous and the absence of nonlin-
earity, which provides an advantage over LASSO regression
methods to allow for the optimal selection of variables for risk
prediction.

A multivariable logistic regression model was used to ob-
tain coefficient values for score weighting. Among the vari-
ables, the lowest coefficient was selected as our reference to
eliminate variables with a negative coefficient value. A par-
simony and AUC plots were generated illustrating cumula-
tive RF-ranking scores of variables and model performance,
respectively. A variable at the plot’s tail-end signified that add-
ing the variable to the model will not improve the predictive
accuracy.

For the optimal predictive model, multiple iterations and
fine-tuning enabled a selection of the best cut-off value of the
RF-ranking score for each variable and choose the final num-
ber of variables in the model. To enhance the interpretability
of the model, the RF-ranking score was converted into a prob-
ability (as shown by AUC), using weighted logistic regression
analysis on the validation set. The prediction performance
(accuracy, sensitivity, specificity, negative and positive pre-
dictive value (NPV, PPV)) of the model was computed using
the cumulative score cut-off values of the included variables
against the risk of ischemic stroke. The predictability and per-
formance of the model were assessed using the ROC analysis,
and AUC with its 95% confidence interval. A two-sided P <
0.05 was considered statistically significant. Lastly, the test-
ing set that was blinded to the scoring algorithm evaluated the
performance of the model. Data characteristics and adjusted
estimates of (no ischemic stroke vs. ischemic stroke) based
on each predictor in the model were also reported. The model
was built using the package “AutoScore”, and “pROC”, and all
analyses were performed on R version 4.0.2.

Results

Selection of cases

From 2015 to 2019, a total of 11,860,804 weighted samples
of AF patients were identified at index admission. Of these,
11,838,117 (99.8%) had no history of CA, while 22,687
(0.2%) had a diagnosis of CA. The flow diagram of the selec-
tion of cases is presented here (Supplementary Material 2, cr.

elmerpub.com). The ICD-10 codes used to identify cases and
characteristics are presented (Supplementary Material 1, cr.
elmerpub.com).

Baseline characteristics

The detailed intergroup comparison of demographics and key
comorbidities is presented here (Supplementary Material 3, cr.
elmerpub.com). In both non-CA (87.1%), and CA (92.1%),
the predominant CHA2DS2-VASc designation was high risk,
mostly having CHA2DS2-VASc class 4 (27.2% vs. 32.7%, re-
spectively) (Supplementary Materials 4, 5, cr.elmerpub.com).
The most common contributors to the CHA2DS2-VASc score
were a history of HTN (87.8% vs. 84.1%), followed by age
> 75 years (65.5% vs. 68.3%) (Supplementary Material 6, cr.
elmerpub.com). Only 35.9% of the total population with CA-
AF were on long-term OAC therapy at the index admission. As
the CHA2DS2-VASc risk category increased from low to mod-
erate to high, the proportion of anticoagulation use increased
from 18.0% to 31.7% to 35.9%, respectively (Supplementary
Material 7, cr.elmerpub.com). The latter percentage increased
to 37.1% at 30-day readmission (Supplementary Material 8,
cr.elmerpub.com). On a yearly trend analysis, the annual index
admission rate for patients with CA-AF per total CA-AF in the
study increased significantly from 18.4% in 2016 to 30.6% in
2019 (Supplementary Materials 9, 10, cr.elmerpub.com)

Overall outcomes at index admission and 30 days

Patients with CA-AF (vs. non-CA-AF) had significantly high-
er unadjusted odds of all major complications. Similarly, the
adjusted odds of mortality (aOR: 1.41, 95% CI: 1.34 - 1.48
and aOR: 1.29, 95% CI: 1.19 - 1.40), stroke (aOR: 1.78, 95%
CI: 1.68 - 1.89 and aOR: 1.74, 95% CI: 1.56 - 1.94), non-ICH
major bleeding (aOR: 2.10, 95% CI: 1.97 - 2.24 and aOR:
1.85, 95% CI: 1.67 - 2.17), and ICH (aOR: 14.4, 95% CI:
13.91 - 15.01 and aOR: 4.26, 95% CI: 3.83 - 4.73) remained
significantly higher in CA-AF compared with non-CA-AF at
both index admission and 30 days, respectively (Figure 1, Sup-
plementary Material 11, cr.elmerpub.com). Among the stroke
patients the major cardiovascular conditions are presented here
(Supplementary Material 12, cr.elmerpub.com).

Adjusted index admission and 30-day outcomes stratified
by the CHA2DS2-VASc risk and long-term anticoagula-
tion use

The stratified frequency and estimates of outcomes are provided
(Supplementary Materials 12, 13, cr.elmerpub.com). In con-
cordance with the overall outcomes, the CA-AF group remained
to have a higher risk of mortality, ischemic stroke, non-ICH, and
ICH across all CHA2DS2-VASc categories and irrespective of
the use of OAC at both index admission and 30 days. Except
that, anticoagulation use in medium (aOR: 0.64, 95% CI: 0.29
- 1.41 and aOR: 0.74, 95% CI: 0.27 - 1.99) and high risk (aOR:
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Subgroup Amyloidosis

Index Admission

Mortality 1664 (7.3%) 565566 (4.8%)
Stroke 1111 (49%) 332572 (2.8%)
Major Bleeding 987 (4.3%) 236168 (2.0%)
Intracranial hemorrhage 3253 (14.3) 133269 (1.1%)

30-Day Readmission Outcomes

Mortality 1664 (7.3%) 227969 (5.4%)
Stroke 354 (3.8%) 93025 (2.2%)
Major Bleeding 362 (3.9%) 86850 (2.1%)
Intracranial hemorrhage 367 (3.9%) 38001 (0.9%)

No Amyloidosis

Estimate

= 1.4 (1.3 to 1.5)
1.8 (1.7 to 1.9)
2.1(2.0t02.2)
14.4 (13.9 to 15.0)

1.3(1.2to 1.4)
1.7 (1.6 to 1.9)
1.8 (1.7 to 2.2)

—e— 43(38t04.7)

b
Increased in non-CA AF

T 1
1.0 20 50

Increased in CA-AF

Figure 1. Proportion of major events and estimates of outcomes between CA-AF and no-CA-AF at index admission and 30-day

readmission. CA: cardiac amyloidosis; AF: atrial fibrillation.

1.56, 95% CI: 0.74 - 1.90 and aOR: 1.18, 95% 0.94 - 1.47) pa-
tients with CA-AF vs. non-CA-AF had a non-significantly dif-
ferent incidence of ischemic stroke at index admission and 30
days, respectively. OAC did not significantly increase the risk
of ICH in CA-AF. Moreover, CA was independently associated
with a higher risk of stroke even in the absence of AF (Sup-
plementary Material 14, cr.elmerpub.com). Interaction analysis
showed that patients not on OAC had a significantly higher risk
of stroke in CA-AF compared with both CA-AF on OAC and
those without CA-AF, at index admission as well as 30 days
(Supplementary Materials 15-17, cr.elmerpub.com).

Receiver operating characteristics of the CHA2DS2-VASc
score and risk category for ischemic stroke

In CA-AF patients, both CHA2DS2-VASc score (AUC =
0.493, 95% CI: 0.470 - 0.516, P=0.54) and CHA2DS2-VASc
risk category (AUC =0.509, 95% CI: 0.487 - 0.532, P=0.423)
had poor discriminatory accuracy for ischemic stroke (Supple-
mentary Materials 18, 19, cr.elmerpub.com).

Machine learning and predictive model development

Score development

Forty-five variables were used to generate a ranking list in
the predictive model. After adjusting for coefficient and fine-
tuning the model, a scoring table ranging from 0 to 100 was
obtained. Using the autoscore algorithm, the RF-scores were
ranked in order of their importance (Supplementary Materi-
als 20, 21, cr.elmerpub.com). A parsimony plot was generated
based on the predictive ability of the RF-score (Fig. 2) The
top seven variables that achieved the maximum AUC were se-
lected in the final model.

A higher score indicated a higher risk of ischemic stroke.
HF (23), HTN (19), end-stage renal disease (ESRD, 19), and

388

prior stroke (15) were associated with the highest likelihood of
ischemic stroke, followed by dementia (8), DM (4), and cancer
(4) (Supplementary Material 22, cr.elmerpub.com). Addition of
other variables or components of the CHA2DS2-VASc score
(age, female sex, vascular disease) did not increase the predictive
ability of the model (Fig. 2) For a specific score cut-off thresh-
old, the probability of a 30-day ischemic stroke (predicted risk),
and the accompanying metrics (accuracy, sensitivity, specificity,
NPV, and PPV) were recorded in Table 1. For specific prob-
ability thresholds, their respective score cutoffs were recorded
(Supplementary Material 23, cr.elmerpub.com). At a threshold
cut-off > 52, our proposed E-CHADS model performance was
the best, with sensitivity of 0.71 (95% CI: 0.54 - 0.88), specific-
ity of 0.77 (95% CI: 0.73 - 0.81) and AUC 0f 0.80 (95% CI: 0.74
- 0.86) (Fig. 3, Supplementary Material 24, cr.elmerpub.com).
The Shapley additive explanations (SHAP) analyses confirmed
that HE, ESRD, and HTN were the strongest contributors to is-
chemic stroke risk, with smaller effects from prior stroke, de-
pression, diabetes, and cancer (Supplementary Material 25, cr.
elmerpub.com). Finally, the adjusted odds of having an outcome
for each of the potential predictors that were fed in the model
are shown here (Supplementary Materials 26, 27, cr.elmerpub.
com), which confirm a higher risk of stroke with the seven se-
lected components of the E-=CHADS.

Performance evaluation

The testing data set was utilized to assess the E-CHADS pre-
diction performance. The proposed model achieved similar
sensitivity and specificity, with a high discrimination power of
AUC 0.79 (95% CI: 0.71 - 0.86).

Discussion

The current study is the first to compare outcomes, assess the
discriminative power of the CHA2DS2-VASc score, and de-
velop the optimal predictive model (E-CHADS) for ischemic
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Parsimony plot on the validation set

0.81

Area Under the Curve
o
b

o
o

0.51

HeartFailure
Dementia
PriorStroke
AnyCancer

Depression
CHADSCat

Coagulopathy
LiverDisease

Myocardiallnfarction
IronDeficiencyAnemia

Figure 2. Parsimony plot of the new model’s performance predicting stroke (as indicated by the area under the curve (AUC)) as a
function of the model’s complexity (as noted in the number of variables included in the model). The AUC (accuracy of the model)
increased with the addition of variables till HTN; no further increase in accuracy could be achieved with the addition of other
variables beyond variable 8 (AKI). This indicates that the model’s highest accuracy was attained with the first seven variables.
HTN: hypertension; ESRD: end-stage renal disease; DM: diabetes mellitus; AKI: acute kidney injury; PUD: peptic ulcer disease;
COPD: chronic obstructive pulmonary disease; PVD: peripheral vascular disease.

stroke in patients with CA and concomitant AF. The major
findings are summarized as follows; 1) Patients with CA-AF
had a significantly increased adjusted risk of mortality, is-
chemic stroke, non-ICH, and ICH at index admission of AF
and 30-day follow-up; 2) The higher risk of non-ICH and ICH
in CA-AF was independent of the use of OAC and CHA2DS2-
VASc risk category; however, the incidence of ischemic stroke
attenuated by 1.57 times with the use of anticoagulation, es-
pecially in medium- and high-risk patients with CA-AF; 3)
CHA2DS2-VASc score had a poor discriminative accuracy

for ischemic stroke at 30 days reaching up to only 50% AUC;
4) Our proposed E-CHADS model, by adding ESRD, active
cancer, and dementia with the four components of CHA2DS2-
VASc score (HF, HTN, DM, prior stroke) exhibited excellent
discrimination capability by increasing the predictive accuracy
of a stroke to 80% (at a threshold of RF-score > 52).

The short-term prognosis of patients with cardioembolic
stroke and atherothrombotic stroke is generally poorer than
that of other ischemic stroke subtypes, due to higher risks of
early recurrence, severe neurological deficits, and mortal-

Table 1. Model Performance at Specified Score Cutoffs and Predicted Risk of Stroke

fﬁ;’roeff flrs ‘]’(dicted ;/; t‘i’:n ( Accuracy 95% CD) (S;;,Zt‘gi;y (S;:,zﬁégy PPV (95% CI) NPV (95% CI)
>20 > 0.80% 95 9.8(7.9-11.7) 100 (100-100)  55(3.6-7.5)  4.8(47-49) 100 (100 - 100)
>40 > 2.40% 55 48.9 (44.7 - 53.2) 95.8 (87.5-100)  46.6(42.3-512) 7.9(7-8.7) 99.6 (98.7 - 100)
> 60 >5.90% 2 79.2 (75.8 - 82.6) 66.7 (49.9-833) 79.8(76.3-832) 13.6(9.7-17.5) 98.1(97-99)
>75 >11.60% 9 88.5 (86 - 90.8) 208 (42-37.5)  91.7(89.3-94.1) 10.4(2.9-18.9) 96(95.3 - 96.9)
>90 >21.60% 2 94.3 (93.2 - 95.3) 42(0-12.5) 98.6(97.6-99.6) 11.1(0-42.9)  95.6 (95.4 - 96)
>100  >29% 0 95.5 (94.9 - 96) 42(0-12.5) 99.8 (99.4 - 100) 50 (0 - 100) 95.6 (95.4 - 96)

Machine learning model’s predicted risk of stroke, based on scores, was determined by eight selected variables (heart failure, ESRD, HTN, neuro-
logical disease, dementia, electrolyte abnormalities, DM, and any cancer). Also shown are the accuracy, sensitivity, specificity, PPV, NPV, and their
respective 95% Cls for the model at each score cut-off point. Values for accuracy, sensitivity, specificity, PPV, NPV, and their respective confidence
intervals are listed as percentages. ESRD: end-stage renal disease; HTN: hypertension; DM: diabetes mellitus; PPV: positive predictive value; NPV:
negative predictive value; Cl: confidence interval.
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Receiver Operating Characteristic Cunve
AUC=0.801,95% CE 0.737.0.684

100

075

Sensitvity
=
=

0257

o= ;
000 0% 050
1-Specificty

Figure 3. ROC curve for E-CHADS model showing a high AUC at 80%
for a cut-off RF score of 52 for identifying 30-day risk of ischemic stroke
in patients with CA-AF. AUC: area under the curve; CA: cardiac amyloi-
dosis; AF: atrial fibrillation.

ity. Specific cardiac disorders associated with a higher risk of
stroke include recent myocardial infarction (MI), structural
heart disease, and dilated cardiomyopathy. Our study showed
that CA was independently associated with a higher risk of in-
hospital ischemic stroke [6]. Patients with CA had a 5% risk of
stroke even in absence of AF, compared with 2.5% in patients
with AF without CA. This could be attributed to a heightened
risk of cardiac thrombus formation, endothelial injury, coagu-
lation pathway defect, hyposplenism-induced thrombocytosis,
and nephrotic syndrome that are frequently associated with CA
[12]. Despite an approximately 50% (statistically significant)
reduction in the risk of ischemic stroke with OAC, only 37%
of the total patients with CA-AF were on anticoagulation at 30
days of index AF, of whom 92.8% belonged to the high-risk,
6.5% to moderate-risk and only approximately 1% to low-risk
category. This not only indicates the efficacy of OAC in these
patients but also highlights the fact that the decision to start
OAC was probably based on the CHA2DS2-VASc score, which
we found to be a very poor predictor of stroke. These findings
are supported by a recent study by Vilches et al, which also
found a substantially increased risk of systemic embolism in
non-anticoagulated patients with AF and CA [7]. Furthermore,
that study also demonstrated CHA2DS2-VASc to be a poor
predictor of systemic embolism [7]. Our study confirms these
findings and thus identifies the unmet need for better awareness
and advocacy for OAC therapy in all patients with CA-AF, irre-
spective of the CHA2DS2-VASc score, to achieve the optimal
antithrombotic benefits and reduce the risk of stroke.

The biggest fear around OAC use in the clinical communi-
ty is the augmented risk of major bleeding in CA. The current
study showed a 21% higher risk of ICH in absence of AF, and
up to 12-fold increased odds of ICH compared with no-CA-AF

(Supplementary Materials 19, 20, cr.elmerpub.com). However,
it is important to note that this bleeding might be due to the in-
herent nature of CA-induced vascular fragility, clotting abnor-
malities, and concomitant cerebral amyloid angiopathy rather
than the use of OAC therapy, as the risk of bleeding in CA-AF
remained invariantly high even in patients, not on AC. In the
P value interaction analysis, the antithrombotic benefits of an-
ticoagulation seemed to outweigh the potential risk of bleed-
ing, as indicated by a decrease in the risk of ischemic stroke,
but no increase in ICH with OAC use. Nonetheless, together,
these findings underscore the importance of careful evaluation,
judicious use of anticoagulation, individualization of care, and
assessment of the bi-risk nature of CA in patients with AF.

Due to the poor predictive ability of the CHA2DS2-VASc
score, we developed a predictive model (E-CHADS) for is-
chemic stroke using a machine learning algorithm coupled
with a well-validated RF regression analysis. Four of the E-
CHADS variables (HF, HTN, DM, and prior stroke) were
components of the CHA2DS2-VASc score, while we identified
three new variables: ESRD, dementia, and active cancer. The
proposed components of E-CHADS carry a strong biological
plausibility in the pathogenesis of stroke. Studies have shown
that HF increases the risk of ischemic stroke through the car-
dioembolic phenomenon, accumulation of traditional risk fac-
tors, and higher prevalence of permanent AF [12]. Similarly,
HTN and DM have both been shown to induce vasculopathy
by endothelial dysfunction, vascular remodeling, and inflam-
mation, leading to an increased risk of stroke [13, 14]. For
their part, cancer and ESRD induce a hypercoagulable state
through the release of thrombogenic substances such as extra-
cellular vesicles and factor X [15]. The latter also accentuates
the activity of clotting factors due to the loss of function of
antithrombin factors among other mechanisms [16]. Patients
with vascular dementia and prior stroke possibly provide a
substrate for future ischemic cerebrovascular events [17]. The
point-based scoring structure in our model not only identifies
the role of these factors but also ranks their relative importance
in the model, which corresponds with clinical intuition. For
instance, HF and HTN had the highest weightage on the model
compared with dementia, indicating that the former two are the
most important variables in estimating the risk of stroke.

Opverall, the findings of the current study have important
clinical implications. Our study affirms that the CHA2DS2-
VASc score in its totality is a poor predictor of stroke in AF pa-
tients with concurrent CA. Consistent with the emerging notion,
the female sex was found to be not a strong predictor of stroke
[18]. Some components of CHA2DS2-VASc (CHF, HTN, DM,
and prior stroke) had a strong predictive power when combined
with our newly proposed three variables (ESRD, active cancer,
and dementia). Given the paucity of evidence on a predictive
score for stroke, and the higher prevalence of AF in CA, our
proposed model of E-CHADS reinforces the identification of
key comorbidities, where simple addition of the RF-score in the
model can predict the risk of ischemic stroke. Since it is eas-
ily accessible and readily obtainable, physicians could choose a
cut-off tailored to their applications based on the likelihood of
a stroke and metrics such as sensitivity and specificity. Whether
this score helps in the decision-making for anticoagulation ther-
apies requires future randomized studies.
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Limitations

Given the retrospective observational study design, there is a
possibility of selection bias and residual confounding. For the
same reason, we could not establish a causal relationship but
could only report temporal associations between CA and out-
comes. Despite regression-based adjusted analysis, the impact
of unmeasured covariates could not be determined. Because
the NRD is a readmission database linked only to inpatient dis-
charge records, we were unable to capture events occurring out-
side the hospital, determine the causes of death, or account for
competing risks of readmission, such as mortality in community
or ambulatory settings. Furthermore, the lack of data on disease
severity, type of amyloidosis, long-term follow-up data, echo-
cardiographic parameters, functional status, and medication use
precluded our ability to perform a more robust stratified analysis
or include them in our machine learning model. Although all
codes were verified using the standard recommended sources
and with reported prior literature, the possibility of inadvertent
coding error due to the lack of coding precision could not be
entirely excluded. The diagnostic workup of CA is not widely
available, so it is plausible that the perceived low incidence of
CA, may be due to underdiagnosis or under-coding. We em-
ployed RF given its robustness with high-dimensional struc-
tured data and compatibility with the AutoScore framework,
though other algorithms (e.g., XGBoost, logistic regression,
K-nearest neighbors) may also perform well. Stroke is a rare
outcome in AF cohorts; to address class imbalance we applied
stratified sampling within the AutoScore framework rather than
oversampling, thereby preserving real-world prevalence. A fur-
ther limitation is that calibration metrics (e.g., calibration slope,
Brier score) were not assessed, and external validation was not
performed. As this study is based on US claims data, applicabil-
ity to other healthcare systems and populations may be limited.
Future work will compare alternative machine learning meth-
ods, incorporate calibration analyses, and conduct external and
international validation.

Conclusions

CA is independently associated with a high risk of ischemic
stroke and ICH, with the former not being predicted by the
CHA2DS2-VASc score. Anticoagulation lowers the risk of
ischemic stroke without further increasing the incidence of
major bleeding. We propose an E-CHADS score, a readily
accessible risk prediction tool for ischemic stroke probabil-
ity estimation in patients with CA-AF. Compared with the
CHA2DS2-VASc score, it presents the best performance that
can help in the identification of high-risk patients (Fig. 4). Fu-
ture large-scale prospective randomized studies are needed to
validate our findings.
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Figure 4. The CHA2DS2-VASc model (on the left) was a poor predictor of stroke in AF patients with comorbid cardiac amyloido-
sis, with an AUC = 0.50. The new model E-CHADS score (on the right) appreciably improves in predictive accuracy for stroke in
AF patients with cardiac amyloidosis, with an AUC = 0.80. Variables in each model’s scoring system are listed with their individual
random forest scores; the high cumulative score represents a higher risk of ischemic stroke in CA-AF at 30-day readmission.

CHF: congestive heart failure; HTN: hypertension; DM: diabetes mellitus; Vasc: vascular disease; AUC: area under the curve.
CA: cardiac amyloidosis; AF: atrial fibrillation.
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