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Abstract

Objective: Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease of the motor
neuron with very few known risk factors. We conducted a spatial epidemiologic analysis of ALS
incidence in Denmark to assess the contribution of sociodemographic determinants to geographic
variation.

Methods: We analyzed 4249 ALS cases (1982-2013), each with 100 controls matched on sex
and birth year. Odds ratios and 95% confidence bands at birth and diagnosis/index locations were
calculated using generalized additive models. We included a bivariate spatial smooth for location
in our conditional logistic regression adjusted for socioeconomic status and marital status. We also
conducted analyses adjusted for both birth and diagnosis addresses to separate location effects.

Results: We observed significantly elevated ALS odds near Copenhagen for both the birth and
diagnosis period analyses. Sociodemographic factors did not explain the observed patterns. When
we further adjusted our spatial analyses by including both birth and diagnosis addresses, the
significant area of elevated male ALS odds by birth address shifted to northwest Denmark away
from Copenhagen, and there was little evidence of variation among women. Geographic variation
at diagnosis differed between male and females, suggesting that patterns are not just due to
regional variation in case ascertainment.

Conclusions: ALS incidence in Denmark is associated with both location at birth and diagnosis,
suggesting that geographic variation may be due to exposures occurring at birth or closer to
diagnosis, although the latter could relate to case ascertainment issues.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a devastating neurodegenerative disease of the motor
neurons that results in usually rapidly progressive paralysis and death, usually from
respiratory failure. The incidence of ALS in Europe is around 2—-3/100,000 person-years and
the median survival time with ALS is about 3 years (1,2). ALS typically strikes people in
their 60’s and 70’s although it can occur at earlier ages as well. Great strides have been
made in the genetics of ALS, but only an estimated 10% of cases are genetically inherited
(3-5). This fact, and other lines of evidence have led to the suspicion that environmental
factors may contribute to ALS risk (4,6). However, the identification of non-genetic risk
factors for ALS has proven difficult.

The early identification of very high, but rapidly decreasing rates of an ALS complex in the
western pacific is one of the pieces of evidence suggesting the possible involvement of
environmental factors in the development of ALS (7,8). Similar hot spots for this complex
have been identified on the Kii peninsula of Japan, Irian Jaya, and Groote Eylandt, Australia
(9-11). In other parts of the world, the exploration of the distribution of ALS has suggested
statistically significant geographic differences in the incidence of ALS (12-25). However,
because of methodological differences and different levels of ALS awareness, these data
should be interpreted cautiously. Nonetheless, even in studies of smaller more homogeneous
regions, some spatial differences in ALS have been noted (13-31), although many had very
small case numbers. Most of these studies have examined the distribution at the time of ALS
diagnosis or death. However, it has been suggested that the etiology of ALS—including the
involvement of environmental factors—may begin earlier than we typically think (4),
although the evidence for this is limited (17,18, 32-34).

Differences in the spatial distribution of ALS by place of birth would not only add to the
suggestion of a possible involvement of environmental factors in ALS etiology, but also
suggest very early origins for the pathogenesis. Only four studies of which we are aware
have examined the spatial distribution of ALS by place of birth. One was a proportional
mortality study in the US and found a northwest to southeast gradient by state of birth (17).
Three others were conducted in Finland. One looked at 1,000 ALS deaths between 1985 and
1995 in Finland and found evidence for clustering by place of birth (18). Another found an
excess of ALS cases in southeastern Finland among a total of 81 ALS cases (19). The third
found an excess prevalence of ALS among evacuees of land ceded to Russia after World War
I compared with non-evacuated populations living in later life in the same areas as the
evacuees (20). Only this latter study accounted for residence at time of diagnosis, which
could be related to case ascertainment issues. However, this latter study could not rule out
other factors related to being a war evacuee.

In order to address this issue further at a smaller geographic scale and with a larger dataset,
we explored the spatial distribution of ALS incidence between 1982 and 2013 by place of
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birth as well as residence at the time of diagnosis throughout Denmark using generalized
additive models (GAMs). GAMs are a form of semi-parametric regression with the ability to
smooth longitude and latitude to create spatially continuous response surfaces of individual-
level outcomes while adjusting for covariates. This approach is especially useful for
assessing the contribution of spatial confounders like socioeconomic status to geographic
variation.

Study Population

Covariates

The data for the spatial analyses were obtained from the Danish National Patient Register
(NPR) system. Cases of ALS were diagnosed between January 1, 1982 and December 31,
2013. We restricted case ascertainment to individuals older than 19 years, and did not
include cases in the first 5 years of the NPR in order to avoid prevalent cases at the start of
the Register. ALS cases included anyone with an inpatient or outpatient International
Classification of Diseases (ICD)-8 discharge diagnosis of 348.0 before 1993 or ICD-10
discharge diagnosis of G12.2 starting in 1994. In a validation study, we found the positive
predictive value for this case definition compared with medical record review to be 92.5%
(35). We matched 100 controls to each of the cases by sex and year of birth using the Danish
Civil Registration System (CRS), which includes administrative records on all Danish
residents since 1968. Controls were assigned an index year corresponding to the diagnosis
year of their matched case and were spatially selected at random to represent the underlying
population distribution that gave rise to the cases (36).

In a spatial analysis, the exposure variable of interest is location. We collected geographic
information at two time periods: birth and diagnosis (or index) date. Births within Denmark
were geocoded to 2181 unique parish level centroids; addresses at diagnosis/index date were
geocoded to 983 unique postal code centroids. The most important risk factor known to also
vary geographically and act as a spatial confounder is socioeconomic status (SES), which is
available in the Danish CRS at the individual level based on job titles from income tax
forms. Individuals with the highest SES include corporate managers and academics; those
with the lowest SES include unskilled workers. Spouse’s SES was used if it was higher than
the participant’s SES. If the participant was unemployed, or job status was unknown, and
there was no information for spouse’s job available, then the participant was categorized as
unknown job title. Marital status was also included in the analysis as a proxy measure of
SES to capture residual confounding dur to unknown job title. As housewives were more
likely to have missing job titles, including their marital status would indicate whether they
were supported by a husband’s salary.

Statistical Analysis

We modeled crude and adjusted odds ratios (ORs) for ALS using generalized additive
models with a bivariate smooth term for longitude and latitude (36-40). We analyzed birth
address and address at time of diagnosis/index year in separate models. The MapGAM
library (41, 42) was used to run conditional logistic regression spatial models and create
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resulting maps in R Software Version 3.3.2 (Vienna, Austria). A loess smooth with an a prior
span size of 0.3 was used to account for variable population distributions throughout
Denmark, yet still identify local spatial patterns (36). Spans represent the proportion of data
contributing information to the estimation of risk at an unmeasured location and adapts to
population density. Regions with greater population distributions would smooth data from a
smaller geographic area than regions with sparse populations. Previous simulation studies
evaluated the type | error rate and power of several GAM hypothesis testing methods and
showed that GAMs performed well for analyzing spatial patterns of various shape and sizes
including non-circular clusters (43-48).

To assess the contribution of spatially-varying risk factors to ALS incidence, we adjusted for
marital status (married, divorced, widowed, never married) and SES (the higher of the two
SES levels among participant and spouse was used). We also performed stratified analyses to
examine effect modification by sex and secondary analyses that included both birth and
diagnosis addresses to separate the effects of the two locations on ALS incidence. In the
latter, two bivariate smooth terms for longitude and latitude of birth and diagnosis addresses
were included in the model. Risks associated with the two locations adjusted for the other
are presented in separate maps where the ORs for one location are mapped for the
continuous study area while holding the other location constant.

The MapGAM library allows for calculation of standard errors for the point estimates of the
risk map. Geographic areas where the confidence interval excludes one are indicated on the
map with black contour lines. Regions along the borders of the Denmark study area may not
have connecting contour lines. The absence of these contours indicates that the odds ratios
outside of these areas were not statistically significant. Resulting maps were plotted using
the same OR scale to allow for direct comparisons between analyses. Covariates were held
fixed so that the spatial ORs surface represented predictions at the reference level for
categorical covariates (highest SES, married) and the median value for continuous covariates
(longitude, latitude). For example, maps for birth address analyses show how the predicted
ORs vary depending on where a resident was born but assuming all other covariates are the
same for everyone. This separates the effects of SES, marital status, and diagnosis location
from the effect of birth location. The Institutional Review Boards of the University of
California at Irvine (Irvine, California), the Harvard T.H. Chan School of Public Health
(Boston, Massachusetts) and the Danish Data Protection Agency approved the research.

From 1982-2013, 4603 ALS cases were identified from the Danish NPR, along with
460,300 matched controls. We excluded individuals with missing or invalid geographic data
(1.5% cases; 1.9% controls), those born in Greenland, Bornholm island or outside Denmark
(5.0% cases; 4.9% controls), and those with diagnosis postal codes in Greenland or
Bornholm island (1.2% cases; 1.2% controls). We also excluded 4 controls with missing
information on marital status. Our final dataset included 4249 cases and 423,474 controls.
The distribution of SES and marital status by gender and case status are presented in Table 1.
Females were more likely than males to be widowed. This also results in more women
having an unknown job title as they did not have a husband’s SES available and were more
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likely during this time period to not have a job of their own. A quarter of the participants
moved more than 80km between birth and year of diagnosis. Mobility patterns were similar
among males and females with no differences by case status. Figure 1 shows the geographic
distribution of participant locations at time of birth, with a high density near Copenhagen.

Avreas of decreased ALS ORs were observed in the crude analysis of birth location in the
southern and southwestern regions of Denmark (Figure 2a). Note that in the southern region,
the contour line for significant decreased ORs is a half-circle in the center, south of Odense,
that includes small areas to the east and west. ORs were highest north of Copenhagen,
reaching a magnitude of 1.35, and lowest in southwest Denmark, with a minimum OR of
0.80. Adjusting for socioeconomic and marital status did not change these patterns (Figure
2b, Table 2). Statistically significant decreased ALS ORs in relation to birth location were
largely driven by risk among males (Figure 2c), but statistically significant increased ORs
north of Copenhagen were observed for both males and females (Figures 2c and 2d).

Likewise, crude and adjusted analyses did not substantially differ for ALS ORs associated
with location at diagnosis/index year (Figures 3a and 3b, Table 2). Compared to the birth
address analysis, the ORs for address at diagnosis continued to be statistically significant
and elevated in the Copenhagen area and to its north, albeit attenuated compared to the ORs
of birth address, with a maximum magnitude of 1.26. The ORs in the southwestern region of
Denmark remained significantly decreased but with a slightly lower minimum OR of 0.69.
The spatial distribution of ALS ORs for address at diagnosis was strikingly different
between males and females (Figures 3c and 3d).

Figure 3 shows the results of the spatial analyses adjusted for both birth and diagnosis
addresses. When we compared maps of ALS risk associated with birth address with and
without diagnosis addresses, we observed differences by sex. While results for females were
attenuated north of Copenhagen and generally null, the highest risk patterns for males
shifted from the Copenhagen region to northwest of Denmark (Figures 4a and 4b). These
results show the ORs predicted for varying birth location, but the same diagnosis location,
held constant at the median longitude and latitude of the study area. Differences in ALS risk
associated with diagnosis address adjusted for birth address were also greater for males, with
elevated risk extended across a larger area surrounding Copenhagen (Figure 4c vs. 3c),
whereas patterns for women remained the same (Figures 4d vs. 3d). These maps show the
effect of diagnosis address predicted at the same fixed birth location.

Discussion

Our spatial analyses of ALS incidence in Denmark suggest differences in geographic
variation depending on where participants lived at the time of birth and address at diagnosis
that cannot be explained by socioeconomic factors. Those born north of Copenhagen had
significantly elevated odds of ALS compared to their counterparts born in southwestern
Denmark. Sex differences were observed, with only males experiencing lower odds if born
in southern Denmark. When we compare birth analyses to analyses of residence at diagnosis
or index year, we note changes in both the location and magnitude of significant ALS odds.
The maximum OR values in the diagnosis address analyses are attenuated and the regions of
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significantly low ORs are only in the west. Most notable is the difference between ALS
spatial patterns among males and females at diagnosis address. This may suggest that
variation in ALS odds is not due to regional differences in ALS case ascertainment, as
increased diagnoses resulting from differences in case ascertainment might be expected to be
similar among males and females. Furthermore, the areas of highest odds were not centered
on the main cities of Denmark (Copenhagen, Aarhus, Odense), which may also suggest that
differences in case ascertainment are not driving the geographical pattern. If that was the
case, higher odds would likely have been expected in the major cities because of things like
a higher density of neurologists or better (possibly faster) recognition of the condition.

When we further adjusted our spatial analyses by including both birth and diagnosis
addresses, the significant area of elevated male ALS odds by birth address shifted to
northwest Denmark and was no longer near Copenhagen, and there was little evidence of
variation among women. This may suggest that factors related to the address at diagnosis
influenced the elevated odds by birth address to the north of Copenhagen seen in the crude
analyses. The risk by diagnosis address expanded south of Copenhagen for men, but didn’t
change appreciably for women. By including both birth and diagnosis address in the model,
we can isolate the associations with each independently of the other. The increased ALS
incidence in northwestern Denmark and decreased incidence in the southeast in the male
birth address analyses adjusted for diagnosis address suggests a possible involvement of
environmental factors early in the pathogenesis of ALS and warrants further investigation.
Similarly, the variation of risk by address at diagnosis does not appear compatible with a
simple effect of case diagnosis differences and also warrants further investigation.

The sex differences we observed are intriguing. While our spatial analysis cannot identify
specific causes of these differences, metabolic differences by sex are known. Men and
women differ in the balance between metabolism and conjugation of some xenobiotic
chemicals. For example, estrogen up-regulates some cytochrome P450 enzymes without
altering detoxifying enzymes (49). Such differences could mean that the same exposures
could lead to different ALS risk by sex, which was in fact proposed as a possible explanation
for the sometimes seen difference by sex in the association between cigarette smoking and
ALS (50).

To our knowledge, our analyses are the first to investigate spatial variation in ALS using
individual-level data to assess both birth and diagnosis addresses. A spatial analysis of ALS
conducted in Finland between 1985 and 1995 also found evidence for clustering by place of
birth but did not account for diagnosis address (18). By using GAMSs to smooth the effect of
location, we were able to identify regions of statistically significant increased and decreased
ALS incidence that were not restricted to census or postal code boundaries. We also
included over 30 years of data, which allowed for sufficient sample size for a robust
nationwide spatial analysis. Data linkage in Denmark made it possible to control for
socioeconomic factors which are known to spatially vary. By stratifying our models by sex,
we identified important geographic differences between males and females in ALS incidence
at diagnosis address.
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Although advanced statistical methods were applied, these spatial analyses have some
potential limitations. Data were geocoded to birth parish or postal code of diagnosis rather
than street address. While the impact of this on a national-scale geographic analysis is small,
it could affect the exact delineation of statistically significant areas. GAMs may exhibit
biased behavior at the edges of the data, but our past work indicated little bias when loess
smoothers are used (36, 40). Nonetheless, we are cautious in interpreting data in these
regions if data are sparse.

Although we controlled for an individual-level SES indicator, marital status, and stratified
by sex, it is possible that observed patterns are the result of residual confounding. Our SES
indicator is based on occupation and has been used widely in Denmark, for example
showing strong associations with mortality of different kinds (51, 52). Nonetheless,
additional differences between individuals in aspects of SES or other factors may still be
important. Identifying the source of such residual confounding could give important insight
into ALS etiology. Furthermore, we do not have data available on genetics or gene-
environment interactions to determine their role in the spatial variability of ALS incidence in
Denmark. However, we optimized the spatial data that was available using the MapGAM
library in R and expanded on previous geographic ALS analyses. In addition, our use of
administrative data to identify ALS cases does not allow for consideration of details of the
ALS that would be available, for example, in many ALS registries. Therefore, we could not
look at differences by, for example, bulbar or spinal ALS. However, the trade off is the
advantage of the very large size of our study that facilitates spatial mapping.

Our study is only one of a few to investigate both place of birth and diagnosis addresses, and
the only analysis to isolate the contribution of diagnosis address from the risk due to birth
address. While different geographic patterns between males and females suggests that spatial
variation in ALS incidence is not likely due to regional inequalities in case ascertainment
alone, additional research is needed to identify which environmental or social factors may be
influencing the observed geographic differences.
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Figure 2.
Spatial distribution of (a) crude and (b) adjusted odds ratios associated with location at birth.

Analyses were adjusted for SES and marital status and stratified by (c) male and (d) female
sex. Black contour lines indicate areas where the upper and lower confidence bands exclude
one.
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Figure 3.
Spatial distribution of (a) crude and (b) adjusted odds ratios associated with location at

diagnosis/index year. Analyses were adjusted for SES and marital status and stratified by (c)
male and (d) female sex. Black contour lines indicate areas where the upper and lower
confidence bands exclude one.
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Figure 4.
Spatial distribution of (a) male and (b) female odds ratios associated with location at birth

address adjusted for diagnosis/index year; and of (c) male and (d) female odds ratios
associated with location at diagnosis/index year adjusted for birth address. All models were
also adjusted for SES and marital status. Black contour lines indicate areas where the upper
and lower confidence bands exclude one.
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Table 1.

Characteristics of male and female study participants by ALS case status

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Males Females
Cases Controls Cases Controls
(n=2,269) (n=226,499) (n=1,980) (n=196,975)
n % n % n % n %

SES

1 (high) 256 | 11.3 | 23,496 | 104 | 193 | 9.7 | 18307 | 9.3

2 291 12.8 | 26,671 11.8 | 232 11.7 | 22,246 11.3

3 438 19.3 | 43,331 | 19.1 | 388 196 | 35775 | 18.2

4 638 28.1 | 67,255 29.7 | 501 25.3 | 52,468 26.6

5 (low) 428 18.9 | 44,563 19.7 | 352 17.8 | 38,151 19.4
Job title unknown 218 9.6 21,183 9.4 314 15.9 | 30,028 15.2
Marital Status

Married 1,613 | 71.1 | 157,750 | 69.6 | 1,010 | 51.0 | 102,019 | 51.8

Widowed 197 87 | 19902 | 8.8 | 609 30.8 | 57,714 | 293

Divorced 222 9.8 22,724 10.0 | 213 10.8 | 22,451 11.4

Never Married 237 10.4 | 26,123 115 | 148 7.5 14,791 75
Mobility

Never moved 385 17.0 | 42,274 18.7 | 312 15.8 | 31,328 15.9

Moved <10km 367 16.2 | 33,906 15.0 | 341 17.2 | 30,425 155

Moved 11-25km | 446 19.6 | 45,286 20.0 | 338 17.1 | 39,974 20.3

Moved 26-80km | 496 21.9 | 49565 219 | 458 23.1 | 44,798 22.7

Moved >80km 575 25.3 | 55,468 244 | 531 26.8 | 50,450 25.6
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Table 2.

Odds ratios and confidence intervals for non-spatial model covariates

Males Females
Model Birth Diagnosis Both Birth Diagnosis Both
Figure 2c 3c 4c 2d 3d 4d
SES
1 (high) Referent Referent Referent Referent Referent Referent
2 1.0(0.8,1.2) | 1.0(0.9,1.2) | 1.0(0.9,1.3) | 1.0(0.8,1.2) | 1.0(0.8,1.2) | 1.0(0.8,1.2)
3 1.0(0.8,1.1) | 1.0(0.8,1.2) | 1.0(0.8,1.2) | 1.0(0.8,1.2) | 1.0(0.8,1.2) | 1.0(0.8,1.2)
4 0.9(0.8,1.0) | 0.9(0.8,1.1) | 0.9(0.8,1.1) | 0.9(0.8,1.1) | 0.9(0.8,1.1) | 0.9 (0.8, 1.1)
5 (low) 0.9(0.8,1.1) | 1.0(0.8,1.1) | 1.0(0.8,1.1) | 0.9(0.7,1.0) | 0.9(0.7,1.0) | 0.9 (0.7, 1.0)
Job title unknown | 1.0(0.8,1.2) | 1.0(0.8,1.2) | 1.0(0.8,1.3) | 1.0(0.8,1.2) | 1.0(0.8,1.2) | 1.0(0.8,1.2)
Marital Status
Married Referent Referent Referent Referent Referent Referent
Widowed 1.0(0.8,1.1) | 1.0(0.8,1.1) | 1.0(0.8,1.1) | 1.1(0.9,1.2) | 1.1(0.9,1.2) | 1.1(0.9, 1.2)
Divorced 0.9(0.8,1.1) | 0.9(0.8,1.1) | 0.9(0.8,1.1) | 0.9(0.8,1.1) | 0.9(0.8,1.1) | 0.9 (0.8, 1.1)
Never Married | 0.9(0.8,1.0) | 0.9(0.8,1.0) | 0.9(0.8,1.0) | 1.0(0.8,1.2) | 1.0(0.8,1.2) | 1.0 (0.8, 1.2)
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