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Abstract

Background—Major depressive disorder (MDD) is a common disorder that is often associated
with suicide. We have recently suggested that elevation may play a role in regional variations in

rates of suicide. We hypothesize that there is also a significant correlation between incidence of

MDD and elevation of residence.

Methods—The substate estimates from the 2004 to 2006 National Surveys on Drug Use and
Health (NSDUH) report from SAMHSA was used to extract substate level data related to
percentages of people 18 years or older who experienced serious psychological distress or a major
depressive episode in the past year. Mean elevation of each substate region was calculated by
averaging the weighted elevations of its relevant counties. Average elevation for United States
counties was calculated using the Shuttle Radar Topography Mission (SRTM) elevation dataset.
Pearson correlation coefficients were computed to investigate the association between average
substate elevation and rate of serious psychological distress or major depressive episode.

Results—There was a significant correlation between percentage of people experiencing serious
psychological distress in the past year in a substate region and that substate region's mean
elevation (r = 0.18; p = 0.0005), as well as between the percentage of people having at least one
major depressive episode in the past year in a substate region and that substate region's mean
elevation (r =0.27; p < 0.0001).

Conclusions—Elevation appears to be a significant risk factor for MDD. Further studies are
indicated to determine whether the increased incidence of depression with increased elevation may
be due to the hypoxic effects on subjects with MDD.
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1. Introduction

Major depressive disorder (MDD) is the mental disorder that most commonly leads to
suicide (Kessler et al., 2005; World Health Organization, 2001). It is well known that rates
of suicide, rates of MDD, and rates of mood disorders, in general, show regional variation
(Weissman et al., 1996). Researchers have hypothesized that this variation is related to many
different factors. Tempier et al. (2008) have suggested that the higher rates of depression
seen in Australia compared to Canada, both countries with similar mental health policies,
may result from the greater availability of alcohol in Australia. Likewise, a number of
studies have associated variation in rates of mental health disorders, such as major
depression, to differences in stigma associated with mental health disorders, public mental
health knowledge, income, education level, marital status, unemployment, social class,
living environment, sex and age (Bijl et al., 2003; Lewis and Booth, 1992; World Health
Organization, 2001). A different perspective is presented in a 1998 study in which Joseph
Hibbeln demonstrates that fish consumption and rates of depression are inversely correlated
(p < 0.005) (Hibbeln, 1998). Hibbeln reports that countries with diets that are high in fish
consumption, such as Japan, Taiwan and Korea, have lower rates of depression than
countries with diets comparatively low in fish consumption, such as New Zealand, Canada,
and West Germany.

Suicide is one of the top three causes of death worldwide for those 15-34 years of age
(World Health Organization, 2001) and the eleventh leading cause of death in the United
States (Centers for Disease Control and Prevention, 2005). The variation in rates of suicide
worldwide is currently attributed to differences in gender, race, socioeconomic change, and
access to drugs, alcohol and firearms (World Health Organization, 2001). In the United
States, specifically, suicide rates are higher in the western region of country, even when
adjusted for gender and race (Centers for Disease Control and Prevention, 1997). More
recently we have suggested that elevation may play a role in regional variations in suicide
rates (Haws et al., 2009). Haws et al. found a significant correlation between age, ethnicity,
and sex adjusted suicide rate and the state's peak elevation (r = 0.62) as well as between
adjusted suicide rate and the state's capital city elevation (r = 0.74) (Haws et al., 2009).
Another recent study has demonstrated similarly significant positive correlations between
age-adjusted suicide rate and elevation at a county level in the continental United States (r =
0.51) (Kim et al., in press). In addition, Kim et al. (in press) reported that elevation appears
to be a more highly correlated with suicide than gun ownership or population density at a
state level.

Since MDD and suicide are highly associated, we hypothesized that there would be a
significant correlation between rates of major depression and elevation. Little data exists on
the rates of mental health disorders for geographic regions smaller than states. However, the
Substate Estimates from the 2004 to 2006 National Surveys on Drug Use and Health
(NSDUH) report from the Substance Abuse and Mental Health Services Administration,
Office of Applied Studies (SAMHSA, OAS) includes data on substance abuse and mental
health from 203,870 responders in 345 substate regions making up all 50 states and the
District of Columbia. The substate regions for each state are defined by SAMHSA and are
divided by counties or census tracts (Substance Abuse and Mental Health Services
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Administration, 2008a). Two important measures reported for each substate region are: (1)
the percent of people 18 years and older who have experienced serious psychological
distress in the previous year and; (2) the percent of people who have experienced at least one
episode of major depression in the previous year (Substance Abuse and Mental Health
Services Administration, 2008b). Using the Shuttle Radar Topography Mission (National
Geospatial-Intelligence Agency and National Aeronautics and Space Administration, 2000)
elevation dataset along with the NSDUH data, we assessed the relationship between the
above two measures for a substate region and that substate region's mean elevation.

2. Methods

2.1. Major depressive disorder data

The Substate Estimates from the 2004 to 2006 National Surveys on Drug Use and Health
(NSDUH) report from SAMHSA was used to extract data related to percentages of people
18 years or older who experienced serious psychological distress in the past year as well as
percentages of people 18 years or older having at least one major depressive episode in the
past year. Data from all 50 states and the District of Columbia were evaluated at a substate
level. The substate region definition for each state is defined by SAMHSA. Data were
obtained by SAMHSA through the NSDUH questionnaire. Responders scoring 13 or greater
on the K6 screening instrument for nonspecific psychological distress were determined to
have experienced serious psychological distress in the last year. Responders were
determined to have had a major depressive episode in the past year based on a NSDUH
questionnaire module developed from the DSM-1V criteria for major depression (Substance
Abuse and Mental Health Services Administration, 2008b).

2.2. Average elevation

Average elevation for United States counties was calculated using the Shuttle Radar
Topography Mission (SRTM) elevation dataset (National Geospatial-Intelligence Agency
and National Aeronautics and Space Administration, 2000). The SRTM dataset is a global
scale digital topographic database of the Earth created in February of 2000. The
approximately 0.1 km spatial resolution of this dataset allow accurate calculation of mean
elevation of United States counties. However, the dataset does not include Alaska, Hawaii or
the United States territories. Also, one county in Montana, one in Georgia and two counties
in Virginia are not included in the SRTM dataset, and therefore, are not included in this
analysis. The average elevation of each United States county (n = 3108) included in the
SRTM dataset was calculated using zonal statistics in an ArcGIS/ArcInfo 9.3 environment.
County outlines from the National Atlas of the United States: County Boundaries of the
United States (National Atlas of the United States, 2001) were used to obtain the mean
county elevation for each included county based on the SRTM mean elevation calculations
for each square kilometer. Notably, the same method was used by Kim et al. (in press) to
calculate US county elevation.

Substate regions, as defined by SAMHSA Office of Applied Studies, include multiple
counties or census tracts in each state. SAMHSA data evaluated 345 substate regions,
making up all 50 states and the District of Columbia (Substance Abuse and Mental Health
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Services Administration, 2008b). Mean elevation of each substate region was calculated by
averaging the weighted elevations of its relevant counties. County elevation was weighted
using its area within the substate region since several counties were in multiple substate
regions.

2.3. Data analysis and statistics

3. Results

Pearson correlation coefficients were computed to investigate the association between
average substate elevation and rate of serious psychological distress as well as between
average substate area elevation and rate of major depressive episode. Statistical significance
was defined at an alpha level of 0.05 (two-tailed). R v2.10 (R Foundation for Statistical
Computing, Vienna, Austria, http://www.R-project.org) was used for the computation.

Fig. 1A shows a significant correlation between percentage of people experiencing serious
psychological distress in the past year in a substate region and that substate region's mean
elevation (r = 0.18; p = 0.0005). In addition, Fig. 1B also demonstrates a significant
correlation between the percentage of people having at least one major depressive episode in
the past year in a substate region and that substate region's mean elevation (r = 0.27; p<
0.0001).

4. Discussion

A significant correlation exists between the percentage of people who have experienced
serious psychological distress in the past year in a substate region and that region's mean
elevation. A similar relationship was demonstrated between the percentage of people who
have experienced a major depressive episode in the last year in a substate region and that
region's mean elevation. Haws et al. (2009) and Kim et al. (in press) have suggested that the
observed increase in suicide with elevation is due to the effects of hypoxia on mood-
disordered individuals. Our current research supports this hypothesis. One important
observation, however, is that the increase in the rate of major depression with elevation
demonstrated in this paper is small (e.g. a 13% increase from sea level to 2000 m) and
cannot completely account for the larger increase in the rate of suicide with elevation at a
county level (e.g. a 68.4% increase from sea level to 2000 m) (Kim et al., in press).

One possible explanation for this discrepancy is that depression at increased elevation may
be more treatment refractory. Neuroimaging studies, such as those using Magnetic
Resonance Spectroscopy (MRS), have convincingly demonstrated that MDD is associated
with mitochondrial dysfunction (Forester et al., 2009; losifescu et al., 2008; Moore et al.,
1997; Renshaw et al., 2001; Volz et al., 1998). More specifically, a growing body of
research shows that MDD subjects have decreased beta nucleoside triphosphate (3-NTP) and
increased levels of phosphocreatine (PCr) compared with healthy controls (Moore et al.,
1997; Renshaw et al., 2001; Volz et al., 1998). Furthermore, successful treatment of MDD
with antidepressants is associated with normalization in both NTP and PCr levels (Forester
etal., 2009; Volz et al., 1998). Due to mitochondrial dysfunction, individuals with MDD
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may experience a worsening of symptoms with exposure to levels of hypoxia to which
healthy individuals may easily be able to acclimate.

While relatively little research has been done on changes in brain chemistry associated with
hypoxia, there have been studies examining the changes in heart tissue, which has similarly
varied bioenergetic needs. A 31Phosphorus magnetic resonance spectroscopy (31P-MRS)
study of heart tissue showed that concentration ratios of PCr/adenosine triphosphate (ATP)
in Sherpas (elevation of residence of about 3400 m) were half that of people acclimated to
300 m (Hochachka et al., 1996). Interestingly, a 31P-MRS study by Renshaw et al. (2001)
studied females with major depressive disorder and showed that B-NTP was about 21%
lower in those who responded to fluoxetine treatment than those who did not. A more
recent 31P-MRS study also showed decreased p-NTP in geriatric MDD subjects prior to
treatment with sertraline (Forester et al., 2009). A study by losifescu et al. (2008)
demonstrated that subjects with SSRI resistant depression that responded to adjunctive
triiodothyronine treatment exhibited a trend towards higher baseline levels of PCr. 3-NTP
levels, which consist mostly of ATP, however, were similar in responders, nonresponders
and controls. In other words, treatment responders demonstrated increased PCr/ATP ratios,
the opposite of what is seen in the heart of those adapted to high elevations. Creatine
supplementation has been shown to induce increased brain PCr/ATP ratios to the levels
observed in individuals who are more likely to respond to antidepressant therapy (Lyoo et
al., 2003). Creatine has also been shown to be effective in decreasing symptoms consistent
with an animal model of depression in female rats (Allen et al., 2009) as well as in females
with MDD who were treated with creatine as an adjunct to the SSRI escitalopram (Lyoo and
Renshaw, Unpublished). If decreased brain PCr/ATP ratios are associated with life at
increased elevations, elevation might therefore be associated with an increased rate of
refractory depression.

Another possibility is that other disorders associated with suicide might also be increased
with elevation. For example, bipolar disorder (BD) is also commonly associated with suicide
(Tondo et al., 2003). Several studies have shown that BD is correlated with state-dependent
changes in brain pH (Hamakawa et al., 2004; Kato et al., 1992, 1993; Kato et al., 1994).
More specifically, Kato et al. (1992, 1993) demonstrated that brain pH is decreased in BD
subjects in the euthymic state compared to healthy controls or BD subjects in a depressive
ormanic state. Goldberg et al. (1992) used 31P-MRS to study brain pH in subjects prior to
and after 7 days in a hypobaric chamber at a simulated elevation of 4267 m. After 1 week in
the hypobaric chamber, the brain intracellular pH was unchanged from pre-hypoxic levels,
but after return to sea level brain intracellular pH decreased significantly. This decrease in
pH was still present 12 hours after return to sea level. Goldberg et al. were unable to
measure brain pH at introduction to hypoxia or shortly thereafter, however, it is clear that
changes in elevation do affect brain intracellular pH. An already decreased brain pH in
patients with BD could exacerbate changes in brain pH due to elevation and potentially
increase depressive symptoms and risk for suicide.

This study offers support for the hypothesis that the increase in the rate of suicide with
elevation may be due to an increased incidence of depression, which may be related to the
hypoxic effects on people with already compromised mitochondrial function. Unfortunately,
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we have not yet been able to obtain data that would allow us to explore the possible
correlation between elevation and the incidence of bipolar disorder. However, an analysis of
that sort could be important in illuminating a separate contributing factor to a previously
demonstrated increase in rates of suicide with elevation. More research in this area could
lead to effective adjunctive treatments for individuals with mood disorders living at
increased elevations and may help to decrease symptoms and suicidality.
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in Past Year (%) vs. Mean Substate Elevation (y = 0.0005x +7.716; r = 0.268; p < 0.0001).
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