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Abstract

Background: The global impact of alcohol consumption on deaths due to cardiomyopathy (CM) has not been
quantified to date, even though CM contains a subcategory for alcoholic CM with an effect of heavy drinking over
time as the postulated underlying causal mechanism. In this feasibility study, a model to estimate the alcohol-attributable
fraction (AAF) of CM deaths based on alcohol exposure measures is proposed.

Methods: A two-step model was developed based on aggregate-level data from 95 countries, including the most
populous (data from 2013 or last available year). First, the crude mortality rate of alcoholic CM per 1,000,000 adults was
predicted using a negative binomial regression based on prevalence of alcohol use disorders (AUD) and adult alcohol
per capita consumption (APC) (n =52 countries). Second, the proportion of alcoholic CM among all CM deaths (i.e, AAF)
was predicted using a fractional response probit regression with alcoholic CM crude mortality rate (from Step 1), AUD
prevalence, APC per drinker, and Global Burden of Disease region as predictions. Additional models repeated these steps
by sex and for the wider Global Burden of Disease study definition of CM.

Results: There were strong correlations (>0.9) between the crude mortality rate of alcoholic CM and the AAFs, supporting
the modeling strategy. In the first step, the population-weighted mean crude mortality rate was estimated at 84 alcoholic
CM deaths per 1,000,000 (95% Cl: 7.4-9.3). In the second step, the global AAFs were estimated at 6.9% (95% Cl: 5.4-84%).
Sex-specific figures suggested a lower AAF among females (2.9%, 95% Cl: 2.3-3.4%) as compared to males (8.9%, 95% Cl:
7.0-10.7%). Larger deviations between observed and predicted AAFs were found in Eastern Europe and Central Asia.

Conclusions: The model proposed promises to fill the gap to include AAFs for CM into comparative risk assessments in
the future. These predictions likely will be underestimates because of the stigma involved in all fully alcohol-attributable

disorder, Comparative risk assessment

conditions and subsequent problems in coding of alcoholic CM deaths.
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Background

Alcohol consumption is a major risk factor for the global
burden of disease [1-3]. It has causal relationships with
more than 200 three-digit International Statistical Classi-
fication of Diseases and Related Health Problems 10"
Revision (ICD-10; [4]) disease and injury categories [3].
Two related dimensions of alcohol consumption have
been shown to impact disease and injury: (average) level
of alcohol consumption and heavy drinking occasions
[5-7]. Among the causally related disease and injury
categories, there are about 40 that are fully (i.e., 100%)
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alcohol-attributable, such as alcohol use disorders (AUD;
for a list of all fully alcohol-attributable disease and in-
jury categories see [6]). However, many of the fully
alcohol-attributable disease and injury categories have
not been included in the Global Burden of Disease esti-
mates to date, as there are no global data for smaller
causes of death [8], given the unavailability of vital regis-
tries for the majority of the global population [9].

To date, the contribution of alcohol to cardiomyop-
athy (CM) has not been quantified globally. CM (ICD-10
142) denotes a disease of the heart muscle, reducing its
ability to pump blood to the rest of the body. There are
multiple forms of CM with different etiologies, but
chronic, heavy alcohol consumption is associated with
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dilated CM, as ethanol acts as a toxin to weaken the
heart muscle [10-15]. There is sufficient evidence for
causality, based on experimental evidence of the toxic ef-
fect of alcohol on muscles and cardiac indicators [16, 17];
and there is even a category of alcoholic cardiomyopathy
(ACM) in ICD-10 (142.6) [4]. ACM has been known since
the mid-19th century (e.g., [18]; for an overview of histor-
ical accounts see [19]), as detailed by a Munich patholo-
gist, who labeled the phenomenon the “Miinchner
Bierherz” (the Munich beer heart), a disease characterized
by cardiac dilatation and hypertrophy due to heavy con-
sumption of beer over time [20]. However, for the reasons
indicated above, the category of ACM is not part of global
statistics.

To quantify the relationship between alcohol consump-
tion and CM for future comparative risk assessments, the
usual procedure would be to conduct a meta-analysis on
the dose-response relationship between level of alcohol
consumption and risk of CM, as has been done for all the
other disease and injury categories partially attributable to
alcohol [6, 7]. In addition, as cardiovascular outcomes are
often impacted by patterns of drinking (e.g., [21]), the po-
tential impact of this dimension would be estimated as
well. While a recent systematic review did not find enough
empirical studies to quantify either relationship [22],
results from the identified studies suggested a threshold
relationship between alcohol use and CM with a potential
dose-response relationship for different levels of heavy
consumption. With regard to specific drinking charac-
teristics, heavy drinking (defined as >80 g pure alcohol/
day) over a decade or more [23] was repeatedly found as
key risk factor for developing CM (see also [22, 24, 25]).
Based on these findings, predicting ACM and/or modeling
the relationship between ACM and CM using aggregate
alcohol and mortality data was expected to be feasible.

While a population measure of alcohol consumption
such as the rate of consuming more than 80 g pure alco-
hol on average per day over time would be best used to
model ACM, this indicator is not available globally.
Instead, prevalence of AUD and heavy episodic drinking,
as well as adult alcohol per capita consumption (APC)
can be considered potential substitute measures to pre-
dict the alcohol-attributable fraction (AAF) for CM. In
fact, APC is closely linked to heavy drinking, as the dis-
tribution of drinking follows a gamma distribution and
its mean determines the spread (in a one-parameter
distribution). Thus, APC directly corresponds to the
proportion of heavy drinkers [26, 27].

Predictions for both CM and the larger category of CM
in the Global Burden of Disease (GBD) study [28] were
performed in this feasibility study. However, CM is re-
sponsible for 84% of deaths in the larger GBD category of
CM based on the countries included in the present study,
and thus the AAFs were not expected to differ widely.
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Methods

We followed the Guidelines for Accurate and Transparent
Health Estimates Reporting in the presentation of the
global health estimates [29] (detailed checklist can be
found in the Additional file 1).

Data sources

We sought to establish a model for estimating AAF for
CM based on data from 48 of the 50 most populous
countries (exceptions: Sudan and Myanmar), as well as
from all countries of the World Health Organization
(WHO) European Region and select countries from
other WHO regions (total of 95 countries included). The
selection of countries was guided by three consider-
ations: 1) we wanted to ensure that the methodology
could be used for global estimates, where 48 of the 50
most populous countries included 86% of the global
population in 2015; 2) we wanted to include Eastern
European countries, where AAF for CM can be high
(e.g., 67% found in a city of Russia [30]; see also Table 3
below); and 3) we wanted to ensure global spread.
Altogether the selected countries represented 91% of the
global population 15 years and older in 2015.

Alcohol exposure data (heavy episodic drinking, AUD,
APC) were taken from the Global Information System
on Alcohol and Health of WHO [31]; for the percentage
of pure alcohol consumed by men and women, we relied
on data from the Global Status Report on Alcohol and
Health [2]. Mortality data from 2013 (or last available
year) were taken from the WHO Mortality Database
[32], with the exception of Russia [33], Slovenia [34],
and Ukraine [personal communication of Dr. Andriy
Samokhvalov]. Additionally, we used UN data for popu-
lation size [35], as well as World Bank Gross Domestic
Product (GDP) Purchasing Power Parity (PPP) corrected
per capita data for measuring comparative wealth of
countries [36]. Countries were classified into GBD re-
gions, as per the methodology of the Institute for Health
Metrics and Evaluation [37]. All data were matched to
year of mortality data (63.3% =2013) for each country
and referred to the adult population (15 years or older).
All data were obtained from publicly available inter-
national databases that have been previously used in the
modeling of Global Health Estimates [38] or within the
Global Burden of Disease studies (e.g., [39]). We did not
expect any systematic bias in the data used for this study,
except for the underestimation of ACM because of stigma
and coding problems (discussed in detail below).

Modeling strategy

The AAFs for CM were modeled in a two-step procedure
using aggregate data from 95 countries. In this procedure,
we modeled the crude mortality rate for ACM per year
(i.e., number of ACM deaths per 1,000,000 adults per year,
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where adults were defined as 15 years and older to corres-
pond to the APC definition), which was subsequently used
in the second step to predict the proportion of ACM
deaths among all CM deaths (i.e., the alcohol-attributable
fraction — AAF). The rationale for this two-step procedure
was based on high correlations between crude mortality
rate and the AAFs. Results from Spearman correlations
between these right-skewed variables (N=49; p=0.93,
95% confidence interval (CI): 0.88-0.96; for women:
p=0.98, 95% CI: 0.97-0.99; for men: p =0.93, 95% CI:
0.88-0.96) supported the reasoning of this two-step
strategy.

Prior to model building, bivariate Spearman correla-
tions between potential predictors and both outcomes
were examined (see results in Table 1, see scatterplots in
Additional file 2). Correlations between the predictors
and with crude mortality rate ranged between p =0.36
and p =0.69. Further, large correlations were observed
between APC total, prevalence of AUD, and heavy epi-
sodic drinking (0.71 < p < 0.76).

In the first step, the country-specific ACM crude mor-
tality rate was modeled using negative binomial regres-
sion. The prediction initially included prevalence of
AUD and heavy episodic drinking, as well as total APC.
However, heavy episodic drinking was removed from the
final model (see eq. 2 below), as it did not improve its
predictive accuracy over the simpler model (see below
for a description of assessment of goodness of fit; dif-
ference in Pseudo-R*=0.002; likelihood ratio test:
Chi*(1) = 0.55, p=0.46). The results of the first-step
model were integrated into one variable combining the
predicted (N=43 countries) and observed (N =52
countries) crude mortality rates for ACM. In the sec-
ond step, the AAFs were predicted using the crude
mortality rate for ACM from Step 1, as well as preva-
lence of AUD and heavy episodic drinking, APC per
drinker, and GBD region using a fractional response probit
regression [40]. As in the first-step model, we excluded
heavy episodic drinking from the final model (see eq. 3
below) because accuracy of predictions could not be im-
proved by retaining it (difference in Pseudo-R* = 0.002;
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likelihood ratio test not meaningful for robust standard
error models). We additionally tested the contribution of
economic wealth by the inclusion of GDP PPP into the
model, but it did not improve the accuracy of the
prediction.

Eq. 1: negative binomial regression written as generalized
linear model

ACM crude mortality rate
=f(By + B, * AUD prevalence + 3, x APC total)

(1)

Link function: log
Distribution: negative binomial
Variance: Var [Y|x] = u + ay’

Eq. 2: fractional response probit regression written as
generalized linear model

P(AAF = 1) =f(B, + B, * crude mortality rate
+pB, * AUD prevalence
+ B3 x APC drinker
+ B, * GBD region)

Link function: probit
Distribution: binomial

In addition to this model (Model 1), the same analyses
were performed separately by sex (Model 2), as there is
evidence for a higher risk of ACM for women compared
to men given the same level of drinking (for sex differ-
ences see [41] and [42]). However, sex-specific ACM
crude mortality rates could not be obtained for Ukraine,
reducing the available observations for these rates in the
first step to 51 countries. In two further models (Models
3 and 4), the second step was repeated with the same
predictors for the AAFs using the broader GBD definition
of CM [38]. However, some of the ICD-10 categories that
were part of the broader GDB definition of CM were not
included, as they were not available from the WHO

Table 1 Spearman correlation matrix of ACM crude mortality rate, AAFs of CM deaths, and potential predictors

APC total  APC among drinkers ~ AUD prevalence  HED prevalence  ACM crude mortality rate  AAFs of CM deaths
APC total 1 / / / / /
APC among drinkers 036 1 / / / /
AUD prevalence 0.71 0.09 1 / / /
HED prevalence 0.76 0.00 0.74 1 / /
ACM crude mortality rate  0.69 049 041 040 1 /
AAFs of CM deaths 052 037 038 036 093 1

APC alcohol per capita, AUD alcohol use disorder, HED heavy episodic drinking, ACM alcoholic cardiomyopathy, AAFs alcohol-attributable fractions,

CM cardiomyopathy
Bivariate correlations based on all available data for each pair
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Mortality Database. Similar to the first two models, this
was performed for the entire population (Model 3) and
separately by sex (Model 4).

To assess the goodness of fit for all models, we used
the pseudo R? methods (likelihood ratio of the full
model compared to the null model) [43]. In addition, we
compared predicted and observed indicators for both
steps. An absolute difference of at least 10 deaths per
1,000,000 (Step 1) and of 5% in the proportion of ACM
deaths among all CM deaths (Step 2) were considered
relevant deviations. Systematic differences in GDP
PPP (using t-test), alcohol use disorder prevalence
(using t-test), and in the regional distributions (using
standardized deviations larger than 1.96) were identi-
fied and described between countries within and beyond
these thresholds.

In order to generalize the estimates, outcomes from
both steps (crude mortality rate and AAFs), were
weighted by the population size of the given country.
The weighted variance was obtained using the standard
formula for sums of weighted variances (see eq. 3 below),
assuming that the covariance between countries was zero.
Variances were then used to estimate standard error and
95% confidence intervals. Altogether, the rates (Step 1)
and proportions (Step 2) were presented in three ways: 1)
unweighted predicted rates/proportions; 2) predicted
rates/proportions weighted for population size; and 3) ob-
served and predicted (including observed values first and
if missing — predicted values) rates/proportions weighted
for population size.

Eq. 3: Estimation of population weighted variance

Var zn:aiX,' = ia? Var(X;)
i =1
+ ZZZaiajCov(Xi’X,-)

1si <jsn

(3)

Analyses were performed using Stata 14.0 [44] and R
[45]. The file and the corresponding syntax for all calcu-
lations can be found in the Additional files 3 and 4.

Results

A two-step model predicted (1) the ACM crude mortality
rate and (2) the AAF for CM deaths in 95 selected
countries.

Step 1: Crude mortality rate of ACM

In Model 1 - Step 1, the ACM crude mortality rate was
predicted based on 52 countries using a negative binomial
regression (see eq. 1). In Table 2, both observed (N =52)
and predicted (N = 95) crude mortality rates are presented,
while all model parameters (intercept, coefficient, disper-
sion parameter, Pseudo R?) can be found in the appended
(Additional file 5) Web Table (Sheet “Model 1 (total)”).
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Table 2 Observed and predicted ACM deaths per 1,000,000

people, by country

Country ACM crude mortality | 95% Confidence interval
rate

Observed | Predicted | Lower bound | Upper bound
Afghanistan 0.77 0.21 2.76
Albania 5.00 2.81 8.88
Algeria 098 030 316
Argentina 0.22 8.60 5.56 13.32
Armenia 4.27 2.16 8.45
Australia 208 7.40 3.50 1562
Austria 1.93 26.44 13.58 51.50
Azerbaijan 2.48 0.86 7.16
Bahrain 1.08 035 335
0.81 0.23 2.89
Belarus 267.94 44.31 1620.15
Belgium 2.50 9.87 636 1532
Bosnia and Herzegovina 5.37 3.13 9.22
Brazil 1.61 7.29 4.62 11.49
Bulgaria 1565 965 2536
Canada 1.70 1145 7.35 17.83
Chile 122 6.76 4.22 10.81
China 510 2.97 876
Colombia 0.00 4.77 2.34 9.75
Costa Rica 138 4.15 1.88 9.18
Croatia 1131] 1432 6.79 3021
Cyprus 0.00 1110 6.94 17.77
Czech Republic 2.56 1214 597 24.71
Democratic People’s Republic of Korea 2.08 088 494
Democratic Republic of the Congo 241 0.99 5.86
Denmark 3.25 8.71 5.58 13.59
Egypt 072 0.19 2.68
Estonia 70.57 39.44 17.50 88.89
Ethiopia 2.66 119 5.95
Finland 2327|1363 866 2145
France 1.96 11.66 6.82 19.95
Georgia 1.47 4.43 2.48 7.93
Germany 7.56 10.25 6.24 16.86
Ghana 1.49 0.54 4.12
Greece 6.99 4.40 11.12
Hungary 2479 | 17376 2281 132357
India 217 0.94 5.01
Indonesia 0.86 0.25 2.96
Iraq 0.74 0.20 2.72
Ireland 3.55 15.75 9.73 25.48
Islamic Republic of Iran 080 023 283
Israel 0.18 2.97 1.20 7.32
Italy 0.33 2.46 0.94 6.47
Jamaica 049 321 158 652
Japan 0.32 3.50 173 7.08
Kazakhstan 7.19 4.55 1137
Kenya 145 052 4.05
Kyrgyzstan 72.44 4.27 2.19 8.32
Latvia 168.25 18.03 10.80 30.11
Lithuania 3976 5615 2116 148.98
L 0.00 10.43 6.40 16.99
Malaysia 137 0.47 3.98
Malta 283 434 219 8.60
Mexico 0.27 3.06 1.48 6.35
Montenegro 8.24 5.18 13.09
Morocco 004 082 024 287
i 1.57 0.58 4.27
Nepal 127 0.44 3.67
Netherlands 1.29 299 115 778
New Zealand 4.28 5.95 2.89 12.28
Nigeria 3.67 162 8.32
Norway 169 | 1141 591 22,04
Pakistan 0.72 0.19 2.67
Peru 0.00 10.78 5.93 19.58
Philippines 3.76 1.93 733
Poland 14.81 24.74 13.50 45.34
Portugal 1.57 11.35 7.04 1831
Qatar 0.90 027 301
Republic of Korea 12.69 7.92 20.34
Republic of Moldova 35.07 27.84 8.18 94.68
Romania 5.64 7.24 2.60 20.18
Russian Federation 164.14 224.08 32.49 1545.62
Saudi Arabia 0.72 0.19 267
Serbia 1035 6.06 1767
Singapore 0.66 1.10 0.36 337
Slovakia 20.23 29.44 12.94 66.98
Slovenia 33.96 38.12 13.61 106.82
South Africa 8.59 5.55 1331
Spain 068 3.63 1.35 9.75
Sweden 351 1648 834 3257
it 232 15.07 8.79 25.84
Tajikistan 1.16 0.39 3.49
Thailand 0.00 520 3.04 892
The former Yugoslav Republic of 3.72 171 8.09
Turkey 0.04 1.55 0.56 4.28
430 2.22 835
Uganda 11.54 711 18.73
Ukraine 88.44 11.93 6.07 23.45
United Kingdom 226 382 15.02 97.27
United Republic of Tanzania 5.08 2.78 9.30
United States of America 2.00 11.61 6.96 19.34
Uzbekistan 311 128 756
Venezuela 0.24 6.63 4.05 10.86
Vietnam 5.98 3.64 9.82
Yemen 072 0.19 268

Note. Predicted values based on results from negative binomial regression.

In highlighted countries, observed and predicted values deviate by at least 10 deaths per 1,000,000

people.

ACM = alcoholic cardiomyopathy deaths according to ICD-10 (code 142.6).
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The predicted rates ranged between 0.7 (Saudi Arabia)
and 267.9 (Belarus) ACM deaths per 1,000,000. Com-
paring the observed and predicted rates, the mean ab-
solute difference amounted to 16.8 ACM deaths per
1,000,000 (min: 0.4, max: 150.2, median: 7.3), with 37
countries (71.2%; representing 81.8% of the entire
population with observed ACM mortality data) within a
range of +/- 10 ACM deaths per 1,000,000 adults
(countries beyond the threshold are highlighted in
Table 2). Comparing countries within and beyond this
threshold, we found that countries with large deviations
between observed and predicted ACM crude mortality
rates had a similar GDP PPP ($30,542 versus $35,820,
t-test: p = 0.382) but higher AUD prevalence (4.9% ver-
sus 9.0%, t-test: p = <0.001). With respect to deviations
by region, higher deviations were more common in
Eastern European countries (one country within threshold
versus five countries beyond threshold; standardized devi-
ation = 3.13). Excluding Eastern European countries, the
mean absolute difference between observed and predicted
crude mortality rates fell from 16.8 to 11.5 cases per
1,000,000 (min: 0.4, max: 149, median: 5.6).

For the included countries, an unweighted average of
15.2 ACM deaths per 1,000,000 was predicted (95% CI:
9.2-21.2). The weighted ACM crude mortality rate
based on predicted values only was estimated to be
11.4 per 1,000,000 (95% CI: 10.1-12.6), whereas the
mean weighted ACM crude mortality rate combining
both observed and predicted values was estimated to
be 8.4 ACM deaths per 1,000,000 (95% CI: 7.4-9.3).
The results of sex-specific predictions (Model 2, Step
1) can be found in the appended (Additional file 5)
Web Table (Sheets “Model 2 (female)” and “Model 2
(male)”). The weighted average ACM mortality rate of
observed and predicted deaths was estimated to be 2.8
(95% CI: 2.4-3.3) and 12.9 (95% CI: 11.3-14.6) deaths
per 1,000,000 for females and males, respectively. Both
the observed and predicted crude mortality rates in
males were greater than or equal to those of females in
all included countries.

Step 2: Proportion of ACM deaths among all CM deaths

The proportion of ACM deaths among all CM deaths
was predicted in Step 2 of Model 1. In addition to all ob-
served proportions (N =50), Table 3 contains all pre-
dicted (N =95) proportions, which ranged between 0.0%
(Indonesia) and 86.0% (Belarus). Comparing the observed
and predicted proportions, the mean absolute difference
amounted to 4.7% (min: 0.0%, max: 30.0%, median: 1.9%),
with 39 countries (78%; representing 95.8% of entire
population with observed AAF data) within a +/- 5%
range (countries beyond the threshold are highlighted in
Table 3). Comparing countries within and beyond this
threshold, we found that countries with large deviations
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Table 3 Observed and predicted proportion of ACM deaths
among all CM deaths, by country

Table 3. Observed and predicted proportion of ACM deaths among all CM deaths, by country
Country Proportioninall (M| 95% Confidence interval
deaths
Observed | Predicted | Lower bound | Upper bound
Afghanistan 1.1% 0.4% 2.5%
Albania | 9.4% 4.0% 19.0%
Algeria 1.1% 0.4% 2.5%
Argentina 0.3% 1.8% 0.5% 5.3%
Armenia 30.2% 3.9% 76.4%
Australia 4.2% 6.1% 3.9% 9.1%
Austria 11% 6.5% 3.9% 102%
Azerbaijan 27.6% 2.8% 76.3%
Bahrain 11% 0.4% 2.6%
Bangladesh 4.7% 2.2% 8.9%
Belarus 86.0% 25.8% 99.8%
Belgium 4.3% 5.2% 3.7% 7.2%
Bosnia and Herzegovina 9.5% 4.1% 19.0%
Brazil 1.9% 1.8% 1.8% 1.9%
Bulgaria 12.8% 8.0% 193%
Canada 5.6% 3.8% 2.0% 6.9%
Chile 3.1% 16% 0.4% 4.9%
China 5.7% 3.4% 9.0%
Colombia 0.0% 1.9% 0.8% 3.9%
Costa Rica 3.6% 1.8% 0.7% 3.9%
Croatia 204% | 10.9% 5.7% 18.9%
Cyprus 0.0% 5.0% 3.5% 6.9%
Czech Republic 5.9% 9.7% 4.6% 18.1%
Democratic People’s Republic of Korea 5.3% 2.7% 9.6%
Democratic Republic of the Congo 4.6% 31% 6.7%
Denmark 103% 5.0% 3.5% 7.0%
Egypt 0.7% 0.1% 2.9%
Estonia | 3a6%| 355% 21.8% 51.5%
Ethiopia 9.5% 0.5% 48.4%
Finland [ 202% 7.8% 4.2% 13.4%
France 3.5% 5.1% 3.6% 7.1%
Georgia [ si%| 344% 5.4% 78.9%
Germany 7.7% 5.7% 3.8% 8.3%
Ghana 8.5% 0.5% 424%
Greece | 5.5% 3.7% 8.0%
Hungary 16.6% 18.8% 11.1% 29.1%
India 7.1% 13% 24.0%
Indonesia 0.0% 0.0% 0.0%
Iraq 0.8% 0.2% 2.6%
Ireland 8.3% 5.9% 3.9% 8.5%
Islamic Republic of Iran 13% 0.4% 3.6%
Israel 0.9% 4.1% 2.0% 7.6%
Ttaly 0.5% 4.0% 2.3% 6.7%
Jamaica 1.6% 1.6% 1.6% 1.6%
Japan 0.9% 2.6% 0.8% 6.7%
Kazakhstan 37.7% 6.5% 813%
Kenya 4.4% 2.4% 7.5%
Kyrgyzstan 80.2% | 50.2% 12.4% 87.8%
Latvia 384% | 57.3% 23.5% 86.2%
Lithuania 21.0% | 30.3% 12.7% 54.2%
[ 0.0% 4.9% 3.4% 6.8%
Malaysia 0.0% 0.0% 0.0%
Malta 9.1% 4.9% 3.0% 7.7%
Mexico 2.5% 17% 0.7% 3.6%
Montenegro 10.5% 5.4% 185%
Morocco 1.8% 1.1% 0.4% 2.6%
i 4.5% 2.8% 6.9%
Nepal 7.0% 1.1% 25.8%
Netherlands 4.0% 3.9% 2.2% 6.7%
New Zealand 7.9% 6.1% 3.9% 9.2%
Nigeria 5.6% 2.2% 121%
Norway 6.3% 5.2% 3.3% 7.8%
Pakistan 3.2% 12% 7.4%
Peru 0.0% 0.0% 0.0% 0.0%
Philippines 0.0% 0.0% 0.0%
Poland 18.1% | 155% 8.6% 25.2%
Portugal 4.4% 6.2% 2.9% 12.0%
Qatar 1.4% 0.3% 4.8%
Republic of Korea 5.4% 0.7% 23.0%
Republic of Moldova 55.0% | 27.0% 9.0% 54.6%
Romania 28% | 102% 4.7% 19.6%
Russian Federation 65.9% 32.5% 89.9%
Saudi Arabia 0.6% 01% 33%
Serbia 11.4% 6.3% 18.8%
Singapore 3.5% 1.9% 0.6% 5.3%
Slovakia 20.7% | 14.8% 103% 20.4%
Slovenia 128% | 17.5% 11.6% 24.9%
South Africa 7.5% 2.5% 17.7%
Spain 0.8% 4.5% 2.5% 7.6%
Sweden 8.6% 6.1% 41% 9.0%
Switzerland 5.9% 5.5% 3.8% 7.8%
Tajikistan 36.5% 4.8% 83.5%
Thailand 0.0% 0.0% 0.0% 0.0%
The former Yugoslav Republic of Macedonia 8.4% 2.5% 211%
Turkey 0.4% 11% 0.4% 2.6%
i 32.7% 5.0% 77.1%
Uganda 8.5% 21% 24.3%
Ukraine 35.0% 18.6% 55.3%
United Kingdom 7.5% 6.7% 3.9% 10.8%
United Republic of Tanzania 5.6% 3.7% 8.3%
United States of America 2.2% 4.0% 2.0% 7.2%
Uzbekistan 29.9% 3.9% 76.2%
Venezuela 1.1% 2.0% 0.9% 4.3%
Vietnam 0.0% 0.0% 0.0%
Yemen 0.7% 0.1% 2.9%

Note. Predicted values based on results from fractional response probit regression.
In highlighted countries, observed and predicted values deviate by at least 5 percentage points
(absolute difference).

ACM = alcoholic cardiomyopathy deaths according to ICD-10 (code 142.6).

CM = cardiomyopathy deaths according to ICD-10 (code 142).

between observed and predicted AAF had a similar
GDP PPP ($34,811 versus $25,217; t-test: p =0.153)
and comparable AUD prevalence (5.7% versus 6.4%;
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t-test: p =0.509). However, Eastern European (one coun-
try within threshold versus three countries beyond thresh-
old; standardized deviation=2.67) and Central Asian
(zero countries within threshold versus two countries
beyond threshold; standardized deviation = 2.72) countries
were overrepresented in those countries beyond the
threshold.

For the included countries, an unweighted mean AAF
of 10.8% (95% CI: 10.3—11.4%) was predicted. The popu-
lation weighted AAF based on predicted values only was
estimated to be 7.1% (95% CIL 5.5-8.6%) of all CM
deaths. Applying population weights to the combination
of observed and predicted values, the mean AAF was
calculated to be 6.9% (95% CI: 5.4—8.4%).

The results of sex-specific predictions (Model 2, Step
2) can be found in the appended Web Table (Sheets
“Model 2 (female)” and “Model 2 (male)”). The weighted
average AAF of observed and predicted proportions
were estimated to be 2.9% (95% CI: 2.3-3.4%) and 8.9%
(95% CI: 7.0-10.7%) for females and males, respectively.

The appended (Additional file 5) Web Table also pre-
sents results from Models 3 and 4, which incorporate
the broader GBD definition of CM. Based on these
models, the weighted average AAF combining observed
and predicted proportions of ACM deaths among all
CM deaths was estimated to be 5.9% (95% CI: 4.5-7.2%)
for the entire population, 2.6% (95% CI: 2.0-3.1%) for
females, and 7.9% (95% CI: 6.2—9.6%) for males.

Discussion
We were able to estimate the AAF for CM, as well as for
the GBD definition of CM. Altogether, the models fit
reasonably well. However, we have identified several
limitations.

In predicting the ACM crude mortality rate, marked
deviations from observed values were detected for coun-
tries with high alcohol use disorder prevalence and for
some countries from Eastern Europe. In these countries,
the observed ACM mortality rates varied more than in
any other region. Take, for example, the three Baltic coun-
tries, Latvia, Estonia, and Lithuania. Here, variations in
AUD prevalence (7.7-10.2%) and APC (12.0-17.9) clearly
did not correspond to the variations in the observed ACM
crude mortality rate (39.8-168.3). We acknowledge that
other factors may be necessary for a more accurate
modeling of ACM mortality in this region (see below
for potential factors). However, for the remaining coun-
tries, we found the predictions to fit sufficiently.

In modeling the primary outcome (AAFs), accurate
predictions were yielded for the majority of countries.
However, similar to the first step, inaccurate estimates
were pronounced among Eastern European countries in
addition to Central Asian countries. Again, a large vari-
ation in observed AAFs in these countries could not be
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sufficiently accounted for by the included covariates.
While the observed and predicted AAFs were highest in
these countries (e.g., Kyrgyzstan: 80%, Moldova: 55%),
they represent a relatively small share of the global popu-
lation. Therefore, the proposed quantification was accur-
ate (deviation of observed and predicted AAF < = 5%) for
95.8% of the examined population.

In order to understand the limitations of the model, one
should have a closer look at the data sources. The first
major limitation is related to ACM mortality data, which
may be subject to coding errors. As persons with ACM are
likely to have other end-organ damages, attribution of a
person’s death to a single disease category without any aut-
opsy can be quite challenging [46]; and then there is the
attribution to alcohol as well (see next paragraph). In some
former Soviet countries like Belarus [47], Kyrgyzstan [48],
Russia [49, 50], and Ukraine [51], autopsies are obligatory
for many deceased people. While autopsies can determine
CM as the cause of death, additional information is re-
quired on heavy drinking in order to identify ACM, e.g.,
via official AUD registries. However, in Russia, alcohol
diagnoses either have to be established by an addiction
medicine physician or require a documented history of al-
cohol use problems with the patient being formerly regis-
tered in the state-run addiction treatment system [52].
Specifically, for the diagnosis of ACM, chronic alcoholism
is one of the required criteria, which is why a substantial
fraction of ACM deaths might be falsely coded as nonspe-
cific cardiomyopathies [53], as the physician conducting
the autopsy may not always check for this information. As
only two out of 10 people with AUD seek treatment
worldwide [54], this can be a source of bias in ACM mor-
tality data, despite routinely performed autopsies.

Further and not restricted to ACM, there is a general
problem with ICD-10 categories fully attributable to al-
cohol, i.e., those categories with “alcohol” or “alcoholic”
in their names [4]. There is a high stigma attached to
alcohol use disorders [55], even compared to other men-
tal disorders [56]. The specific stigma against alcohol
use disorders seems to have persisted over the past de-
cades [57], even though medical treatment seems to be
more acceptable [58] and more people endorse a neuro-
scientific view of mental disorders, including alcohol use
disorders [59, 60]. As a consequence of this rather
universal stigma in our societies [55], fully alcohol-
attributable disease categories are likely to be underre-
ported, as a number of studies have demonstrated. Most
prominently, in a study in 12 cities in 10 countries,
Puffer and Griffith [61] found that after triangulating
data on death certificates with data from hospital re-
cords and interviews of attending physicians or family
members, the number of deaths with alcoholic liver
cirrhosis more than doubled, with the majority of new
cases being detected under categories of cirrhosis that
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do not mention alcohol. This underreporting of alco-
holic liver cirrhosis has persisted in later studies as well
[46, 62—64], and it seems to be the case for all disease
categories fully attributable to alcohol use [46, 65]. More
specifically for ACM, one study estimated the amount of
underestimation to be about 30% [64].

As such, ACM mortality rates may have been underesti-
mated due to stigma and coding problems. Despite these is-
sues and the limited quality of WHO mortality data from
some countries [9, 66], we argue that using these data is still
the best possible approach to obtain estimates of AAFs for
CM mortality. Trivially, we expect precision of our model
to improve with a growing number of countries with vital
registries and an increasing accuracy of reported mortality
data (e.g., using autopsies to validate death certificates, see
[67]). However, autopsies alone will only be able to deter-
mine the alcoholic part or ACM in very few cases, and
stigmatization of 100% alcohol-attributable diseases will re-
main a problem. Thus, it may be valuable to find and in-
clude stigmatization indicators in the model in the future
to correct for stigmatization-attributable underestimations.

The second major limitation of our model is related to
the degree of uncertainty inherited in aggregated alcohol
measures. Accurate measurements of country-specific
AUD rates are mostly lacking and have to be estimated in-
stead. Moreover, these measurements are assessing a stig-
matized disease through self-reports based on symptoms,
which are culturally specific, thus introducing considerable
bias in existing data [68, 69]. Total APC as an indicator has
less bias, as it is mostly composed of sales, production, ex-
port, and import data, but the unrecorded component also
may introduce significant bias [70]. In theory, the predic-
tion model could be improved by using estimates for very
heavy drinking over an extended period over time, but such
data would need to be based on alcohol exposure of repre-
sentative cohorts over decades, which simply do not exist.

Conclusion

Based on the crude mortality rate for ACM, alcohol use
disorder prevalence and APC per drinker, estimation of
AAFs for CM has been shown to be feasible through stat-
istical modeling. However, limitations in data reliability
and the limited knowledge of the relationship between al-
cohol and CM indicate that the proposed modeling strat-
egy is only a first step toward a more comprehensive
quantification of the global burden of ACM. We should
strive to establish AAFs based on exposure and relative
risk [26, 71, 72], similar to the way it has been established
for liver cirrhosis [73] to avoid underestimation [74]. How-
ever, this is a long-term solution, which will require cohort
or case-control studies. In the meantime, we propose to
apply the current methodology in order to determine the
effects of alcohol consumption on CM in countries without
observed AAFs, even if it likely will be an underestimation.
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