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Abstract

Background—Amyotrophic lateral sclerosis (ALS) is a rapidly fatal neurodegenerative disease
of unknown etiology. We investigated the association between ALS diagnosis and prior
cardiovascular disease (CVD), and CVD-specific, hospital admissions in the Danish population.

Methods—We conducted a population-based nested case-control study, including 3,182 Danish
residents diagnosed with ALS at age =20 years (1982—2009), and 100 randomly selected controls
for each case, matched on age, sex and vital status. We estimated odds ratios (OR) associated with
CVD, and CVD-specific, hospital admissions, adjusting for socio-economic and marital status,
region of residence and past diabetes and obesity diagnoses.

Results—The estimated adjusted OR for any CVD admission at least three years prior to the date
of ALS diagnosis was 1.15 (95%CI:1.04-1.27). Our results varied across cause-specific
admissions; for atherosclerosis the OR was 1.36 (95%C1:1.02-1.80) and for ischemic heart disease
1.14 (95%CI:0.99-1.31), while we observed no association with hypertensive and cerebrovascular
diseases. Adjusting for or stratifying by COPD status, a cigarette-smoking correlate, did not
change our results.

Conclusion—In our population-based study we found evidence for a moderately elevated
association with CVD that was stronger for specific conditions, such as atherosclerosis. Our
findings may have important implications about the ALS pathogenesis.
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INTRODUCTION

The etiology of amyotrophic lateral sclerosis (ALS) remains unclear; only 5-10% of patients
have familial ALS and thus far there has been no unifying causal hypothesis for the ALS
etiology.(1) There is reason to believe that cardiovascular disease and related conditions
could play a role in ALS pathogenesis. Defective energy metabolism, hyperlipidemia (2) and
cholesterol (3) have been linked to lower risk of ALS, and a lower risk of ALS has been
found among subjects with diabetes.(4,5) Statin treatment has also been associated with
ALS, although its role in ALS pathogenesis and the direction of the association remain
controversial.(2,6)

To our knowledge, only two studies have looked at the association between cardiovascular
disease (CVD) and ALS. The first (7) was conducted using hospital-based data and the
authors observed a lower ALS rate ratio among patients with coronary heart disease (CHD)
than those without CHD. The use of a hospital-based population, however, can potentially
introduce Berkson-type selection bias if factors that drive hospitalization are also related to
the exposure of interest. The second study was based on self-reported clinical characteristics,
and a protective association was also found.(8) However, diabetes was included under the
broad CVD definition, and a strong protective association has been found with diabetes
specifically.(4,5) To examine the association between CVD, as well as cause-specific CVD
hospitalizations, and ALS in a general population-based sample, we used data obtained from
the Danish Registers system, with which details of all Danish residents can be linked
through the existence of a unique personal identifier.(9)

METHODS

Data Collection

We conducted a case-control study nested within the entire population of Denmark.

ALS Case Ascertainment—ALS cases were identified via the Danish National Patient
Register (NPR). NPR, one of the most comprehensive patient registries internationally, was
established in 1977 and includes nationwide administrative and clinical records of all non-
psychiatric inpatient data.(9) Outpatient data have been included since 1995.(9) Data from
this register can be linked to data from other registers via the 10-digit unique personal
identifier of each Danish resident.

We defined ALS cases as anyone with an inpatient or outpatient International Classification
of Diseases (ICD; World Health Organization)-8 discharge diagnosis of 348.0 (ALS) before
1993 or, starting in 1994 when Denmark adopted the ICD-10, a discharge diagnosis of
G12.2 (Motor Neuron Disease, MND), and who was at least 20 years old when first
diagnosed. The date of the first relevant code was assigned as the diagnosis date (i.e. index
date). We restricted our analyses to cases identified through the NPR between the years
1982-2009, to avoid inclusion of prevalent cases in the early years of the NPR. When
compared with medical records, ALS case identification through the NPR was found to have
positive predictive value of 93%.(10) In the main analyses, we did not include cases that
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were identified only in outpatient data because we found a much lower positive predictive
value for those.(10)

Control Selection—Through the Danish Civil Registration System (CRS), which includes
administrative records on all persons with a residence in Denmark since 1968, for each ALS
case we randomly selected 100 controls free of ALS at the index date and individually
matched on sex, year of birth and vital status.

CVD-related Hospital Admissions—Cause-specific hospital admissions (inpatient or
outpatient records), and the dates of these admissions, were obtained for both cases and
controls through the NPR. Using codes from the ICD-8 and ICD-10, we considered any
hospital admissions (i.e. either primary or secondary) for all CVD conditions (ICD-8: 390—
448, 1ICD-10: 100-179). In addition, we separately considered the CVVD-specific admissions
for ischemic heart disease (ICD-8: 410-414, ICD-10: 120-125), hypertensive disease
(ICD-8: 400-404, ICD-10: 110-115), cerebrovascular disease (ICD-8: 430-438, ICD-10:
160-169) and atherosclerosis (ICD-8: 440, ICD-10: 170). We assessed CVD and cause-
specific CVD diagnoses as predictors of ALS if they occurred at least three years prior to the
index date. To assess the robustness of our findings, avoid potential reverse causality, and
occurrence of pseudo-myocardial infarction during the ALS latency period,(11) we repeated
analyses using admissions that occurred at least five and ten years prior to the index date.

Covariates—We used the five-category socio-economic status (SES) definitions developed
by the Danish Institute of Social Sciences, which are based on job titles and income tax
forms. The group with the highest status (group 1) includes corporate managers and people
in academics; group 2 includes proprietors, managers of small businesses and teachers;
group 3 includes technicians and nurses; group 4 includes skilled workers; and group 5
includes unskilled workers. We also included an additional group for subjects with unknown
job titles. If a participant was married, we used the higher of the couple’s individual SES
ranks. Further, we included marital status (non-married, married, divorced and widowed),
and region of residence at the index date (Copenhagen, Copenhagen suburbs, other large
cities, provincial towns, rural areas, Greenland and unknown). Given our recent findings
linking diabetes to decreased risk for ALS,(4) we also adjusted for any diabetes-related
hospital admission that occurred at least 3 years prior to the index date (ICD-8: 249, 250 and
ICD-10: E10, E11). Registry data do not include information on smoking or body mass
index (BMI). We, therefore, used diagnoses of chronic obstructive pulmonary disease
(COPD; ICD-8: 490-493 and 518, ICD-10: J40-J47) at least one year prior to the ALS
diagnosis index date as a proxy indicator for smoking and obesity-specific diagnoses
(ICD-8: 277.99, ICD-10: E65-E69) as a surrogate for BMI. As for the CVD diagnoses,
diabetes, COPD and obesity diagnoses were obtained using both inpatient and outpatient
records and including both primary and secondary diagnoses.

Statistical Analysis

We conducted conditional logistic regression, with strata defined by the 1:100 case-control
matched sets to estimate odds ratios (OR) and 95% confidence intervals (ClI) for ALS,
adjusted for covariates. Since we selected controls using risk set sampling, a form of density
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sampling, the ORs from our models estimate the rate ratios that would be obtained from a
cohort design. We assessed whether associations differed by sex by including a
multiplicative term in the model and also repeated the analysis using sex-specific models.
Our SES variable has been found to be strongly correlated with smoking in Denmark,(12)
but to further reduce residual confounding by smoking we also conducted analyses restricted
to those with COPD. For this analysis, we ran unconditional logistic regression, adjusting for
the matching factors, to maximize the number of available subjects included.

Sensitivity Analyses—\We repeated analyses including ALS cases identified only in
outpatient NPR data, i.e. those who never had an inpatient ALS diagnosis and, also,
examined potential effect modification by whether first ALS discharge was through the
inpatient vs. outpatient data. In addition, in an effort to conduct an analysis closer to the
prior report using a hospital-based cohort,(7) we conducted an additional analysis restricting
our controls to only those who had been hospitalized for any cause.

Because having CVD could lead to more contact with the medical system, it is possible that
the date of ALS diagnosis could be advanced among CVD patients simply because of earlier
detection. This could appear as a higher rate of ALS even in the absence of a biological
effect of CVD on risk of ALS. Therefore, to examine the impact of this potential bias, we
ran additional analyses after artificially delaying the ALS diagnosis date for any ALS case
with CVD (and similarly the index date of those cases’ matched controls). We did this using
a bootstrap process: for exposed cases, and their corresponding controls, we delayed their
date of diagnosis (or index date) by one month on average (SD: 10 days). We then re-
assessed exposure based on that date, as any CVD diagnosis at least 3 years prior to the new
index date, and repeated our analyses. We repeated this process 100 times for each of
multiple delay scenarios, i.e. 1- to 12-month delayed diagnoses, corresponding to CVD
hypothetically leading to a 1-12 month earlier ALS diagnosis because of earlier ALS
detection.

This study was determined to be exempt by the Harvard School of Public Health
Institutional Review Board and was approved by the Danish Data Protection Agency.
Participants were not required to provide informed consent by Danish legislation since no
biological samples are obtained. All statistical analyses were conducted using the R
Statistical Software, version 3.0.3 (Foundation for Statistical Computing, Vienna, Austria).

RESULTS

Between 1982 and 2009, 3,182 ALS cases were identified meeting our inclusion criteria,
with a mean age at diagnosis of 65.4 years (SD: 11.6). Table 1 presents the distribution of
covariates by CVD status. Among those with CVD at least three years before the index date
the average age at first CVD diagnosis in the NPR was 58.7 (SD 10.8) years old.

We found that CVD diagnosis prior to the index date was associated with a higher rate of
ALS (Table 2). The estimated adjusted OR for ALS for any CVD admission at least three
years prior to the date of ALS diagnosis was 1.15 (95%Cl: 1.04-1.27). The associations
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were similar by sex (Pjnteraction = 0.87). The estimated ORs were attenuated when we
examined CVD at least 5 and 10 years prior to the index date (Table 2).

To better assess potential confounding by smoking, we stratified our analyses by COPD
status. Among subjects with no COPD diagnosis the OR was 1.15 (95%Cl: 1.04-1.28),
while among subjects with COPD the OR was not materially different (1.18; 95%ClI: 0.80-
1.73).

Cause-Specific CVD Admissions

In addition to defining the exposure of interest as hospitalization for any form of CVD
combined, we also considered each form of CVD as separate exposures of interest. The
observed associations varied by admission for different forms of CVD (Table 2). We
observed elevated and marginally significant associations for ischemic heart disease, with
similar associations for admissions considered at least 3, 5, and 10 years prior to the index
date. We also observed significantly elevated associations for atherosclerosis that also
remained similar for 3, 5 and 10 years prior to the index date. For 5 and 10 years, however,
the confidence intervals were wide and included 1.0. We observed a modestly elevated OR
for the association between hypertensive disease at least 3 years prior to the index date and
ALS; the associations, however, were stronger when admissions were restricted to those at
least 5 and 10 years prior to the index date. Finally, we observed no consistent association
with cerebrovascular disease.

We found no evidence of differences in the magnitude of the association between any of the
individual forms of CVD and ALS across levels of sex or COPD (Pjeraction fanged between
0.15-0.74 for sex and 0.68 — 0.98 for COPD).

Sensitivity Analyses

When we included an additional 468 ALS cases identified only in outpatient records, the
estimated associations were only slightly lower, likely the result of increased outcome
misclassification. Specifically, for CVD we found OR = 1.10 (95%CIl: 1.00-1.21). Results
for any CVD type did not differ by which data (inpatient or outpatient) the ALS case was
first identified (Pjyzeraction Detween 0.12 and 0.86).

In contrast to the results from the population-based analysis, when we restricted controls to
only those who had been hospitalized at least once for any reason (median: 80, range: 22 —
100 controls per case) the association between CVD and ALS reversed (OR=0.87; 95%Cl:
0.79-0.96). Similarly, the ORs for each of the cause-specific CVD admissions moved
downwards as well. For example, for ischemic heart disease the estimated OR was 0.89
(95%CI: 0.78-1.02) from this sensitivity analysis (compared to 1.14, 95%CIl: 0.99-1.31, in
the main analysis).

Our bootstrap process showed that if CVD leads to earlier ALS detection, any resulting bias
is minimal and does not meaningfully change our results (Figure 1). Even if we assume that
CVD advances the ALS diagnosis by a full year, after accounting for this, the OR for CVD
was minimally affected (OR=1.12; 95% CI: 1.03-1.23, compared to OR=1.15; 95%ClI:
1.04-1.27 in the main analysis). Results for all cause-specific CVD analyses were also all
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minimally affected. For example, even assuming atherosclerosis could advance ALS
diagnosis by a year the OR was 1.39 (95%CI: 1.05-1.75) compared to 1.36 (95%Cl: 1.02—
1.80) in the main analysis (Supplemental Figure 1).

DISCUSSION

We conducted a large-scale, population-based study to assess the association between
hospital visits for CVD, and cause-specific CVD, and the diagnosis of ALS, using data from
the Danish Registers system. We found moderately elevated associations for all forms of
CVD combined, and specifically for ischemic heart disease and atherosclerosis, which
remained robust to covariate adjustment. On the other hand, we found little evidence for an
association with hypertensive disease and no association with cerebrovascular disease. The
total CVD results were sensitive to the choice of the number of years prior to ALS index
date to exclude CVD admissions; the associations were attenuated with increasing lags.
Total CVD, however, is a heterogeneous disease, and the modestly elevated associations we
observed for ischemic heart disease and atherosclerosis were robust across lags.

Previous studies have shown risk factors for CVD to be negatively associated with ALS.(1)
Specifically, higher body mass index,(13,14) lower levels of physical activity,(14-16) and
high vascular risk profile (3) have all been linked with a lower incidence of ALS. Also, a
history of diabetes has been found to be associated with a lower risk of ALS.(4,5)

Other hypotheses, however, suggest that CVD risk factors could increase the risk of ALS.
For example, neuroinflammation plays an important role in neurodegeneration,(17) and
inflammatory processes have been implicated in ALS onset and progression.(18,19)
Systemic inflammation is thought to be a shared mechanism of CVD and toxicity of the
central nervous system (CNS); circulating cytokines have been shown to exacerbate
progression of neurodegeneration,(20) and systemic inflammation has been linked with
decreased function in subjects with neurodegenerative diseases(17) and with apoptosis in
ALS.(21,22)

To our knowledge, only one other study has linked CHD admissions with ALS onset.(7) In
that study, hospital admissions datasets were used to construct two cohorts, a CHD and a
non-CHD cohort, and a significantly lower ALS rate was found in the CHD cohort. In our
study we found a similar protective association when limiting the analysis to people who had
ever appeared (i.e. received any diagnosis) in our hospital registry, but we found the opposite
when analyzing the entire population. Creating a cohort based on hospital admissions can
lead to Berkson-type selection bias when factors that drive hospitalization are also related to
the exposure of interest.(23) In contrast, limiting to a hospital-based population could reduce
possible bias from earlier ALS detection among people with CVD because of more frequent
contact with the medical system. However, our sensitivity analysis suggested that even if
ALS diagnosis was advanced by a full year—an unlikely scenario given the rapid
progression of ALS—this would have little impact on the association between CVD, or
cause-specific CVD, and ALS.
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Our study has some limitations. Potential outcome misclassification cannot be excluded,
although we have found this to be minimal in our Danish data.(10) Any resulting bias,
however, should be towards the null, as there is no reason to believe that this would be
differential by CVD status. This is likely why our sensitivity analysis additionally including
ALS cases identified only in the outpatient data (i.e. ALS cases more likely to be
misclassified)(10) showed slightly weaker results. Exposure misclassification is also likely,
as cardiovascular disease was also assessed using hospital discharge diagnoses. Any
resulting bias, however, should also be toward the null, as these binary variables were
assessed at least 3 years prior to the index date (with similar results for ischemic heart
disease and atherosclerosis when using 5 or 10 years) and, therefore, any misclassification
should also be non-differential. Furthermore, validation studies of CVD-related hospital
admissions in the Danish NPR have found these diagnoses to be generally highly reliable.
(24) Because both ALS cases and controls needed to survive to the index date to be included
in our analyses, there could possibly be some bias related to survival after CVD. However,
such a bias might be expected to get stronger with longer survival times. Yet the association
with ALS did not change with increasing lag time between certain cause-specific CVD
admissions, i.e. ischemic heart disease and atherosclerosis, and ALS. Thus, any bias
generated through this mechanism is likely to be weak.

We did not have data on behavioral and clinical factors such as weight, smoking and
medication use. Adequate adjustment for such variables and assessment of potential effect
modification was not possible in our analyses. However, we did use information on obesity-
related diagnoses to adjust the estimated ORs. Furthermore, given that weight is associated
with increased risk for CVD and reduced risk of ALS,(13,14) any residual confounding
should bias our observed associations downwards and, thus, would not explain our observed
positive associations with types of CVD, but would rather result in attenuation. Thus, had we
been able to more adequately adjust for weight we might have expected the estimated ORs
to be even stronger.

There is some evidence suggesting that smoking may increase the risk of ALS, although this
remains controversial and some studies suggest that this association may be limited to
women.(25) We do not have individual information on smoking, but occupational status has
been shown to be correlated with smoking in Denmark;(12) thus, our adjustment for SES
based on occupational status would in part also adjust for confounding by smoking status.
We also adjusted for COPD status, as a proxy for smoking. Further, in analyses stratified by
COPD status we observed no material difference in the associations. Among subjects with
COPD, residual confounding by smoking is far less likely because COPD can be attributed
to smoking in up to 70% of patients in developed countries.(26) If confounding by smoking
were driving our results, we would have expected the estimated ORs from the analysis
among subjects with COPD to be much closer to 1.0 compared to the OR from non-COPD
subjects.

In conclusion, to our knowledge, this is the first nationwide, population-based study to
explore the association between CVD, and cause-specific CVD, and ALS diagnosis.
Although our findings should be interpreted in light of our limitations, they suggest that
some aspect of CVD—potentially associated with mechanisms involved in ischemic heart
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disease and atherosclerosis—is related to a higher risk of ALS. Understanding specific
biologic mechanisms could help better understand ALS etiology and identify additional,
potentially modifiable, risk factors for ALS.

Supplement
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Refer to Web version on PubMed Central for supplementary material.
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Figurel.

Estimated adjusted odds ratios and 95% confidence intervals for the observed association
between CVD and ALS (open circle) and after artificially delaying by the number of months
indicated the ALS diagnosis date (or index date) among cases with CVD and their
corresponding controls using a bootstrap process (closed circle), as described in the
Sensitivity Analyses in the Methods section. The presented associations are adjusted for
socio-economic status, marital status, region of residence and diabetes, COPD and obesity
diagnoses.
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Odds ratios (OR) and 95% confidence intervals (Cl) for CVD and cause-specific CVD, for 3, 5 and 10 years

prior to the index date.

Cases With Disease: N (%)

Controls With Disease: N (%)

Crude® OR (95%Cl)

Adjusted? OR (95%ClI)

All Cardiovascular Disease

3 years 516 (16.2) 47,787 (15.0) 1.10 (1.00-1.22) 1.15 (1.04-1.27)
5 years 390 (12.3) 37,181 (11.7) 1.06 (0.95-1.18) 1.10 (0.98-1.23)
10 years 190 (6.0) 18,469 (5.8) 1.03 (0.89-1.20) 1.07 (0.92-1.25)
Ischemic Heart Disease

3 years 231 (7.3) 21,087 (6.6) 1.11 (0.97-1.27) 1.14 (0.99-1.31)
5 years 180 (5.7) 16,318 (5.1) 1.11 (0.96-1.30) 1.15 (0.98-1.34)
10 years 85 (2.7) 7,878 (2.5) 1.08 (0.87-1.35) 1.12 (0.90-1.40)
Hypertensive Disease

3 years 151 (4.7) 14,592 (4.6) 1.04 (0.88-1.23) 1.10 (0.90-1.31)
5 years 118 (3.7) 10,820 (3.4) 1.10 (0.91-1.32) 1.17 (0.96-1.41)
10 years 56 (1.8) 5,003 (1.6) 1.12 (0.86-1.47) 1.20 (0.92-1.58)
Cerebrovascular Disease

3 years 98 (3.1) 10,559 (3.3) 0.92 (0.75-1.13) 0.95 (0.77-1.17)
5 years 64 (2.0) 7,760 (2.4) 0.82 (0.64-1.05) 0.84 (0.66-1.08)
10 years 39(1.2) 3,459 (1.1) 1.13 (0.82-1.56) 1.17 (0.85-1.62)
Atherosclerosis

3 years 50 (1.6) 3,911 (1.2) 1.29 (0.97-1.71) 1.36 (1.02-1.80)
5 years 33 (1.04) 2,823 (0.89) 1.17 (0.83-1.67) 1.22 (0.87-1.73)
10 years 14 (0.35) 1,126 (0.44) 1.25(0.73-2.11) 1.30 (0.76-2.21)

a . . . - . .
The crude analysis from conditional logistic regression includes adjustment for the matching factors

Additionally adjusted for socio-economic status, marital status, region of residence, diabetes, COPD and obesity
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