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Abstract Recent experimental and epidemiologic studies
have suggested air pollution as a new risk factor for type 2
diabetes mellitus (T2DM). We conducted a systematic review
of the epidemiologic studies on the association of air pollution
with T2DM and related outcomes published by December
2013. We identified 22 studies: six prospective studies on
incident T2DM; two prospective study on diabetes mortality;
four cross-sectional studies on prevalent T2DM; seven eco-
logical studies on mortality or morbidity from diabetes; and
three studies on glucose or insulin levels. The evidence of the
association between long-term exposure to fine particles
(PM,5) and the risk of T2DM is suggestive. The summary
hazard ratio of the association between long-term PM, 5 ex-
posure and incident T2DM was 1.11 (95 % CI11.03, 1.19) fora
10 ug/m® increase. The evidence on the association between
long-term traffic-related exposure (measured by nitrogen di-
oxide or nitrogen oxides) and the risk of T2DM was also
suggestive, although most studies were conducted in women.
For short-term effects of air pollution on diabetes mortality or
hospital/emergency admissions, we conclude that the evi-
dence is not sufficient to infer a causal relationship. Because
most studies were conducted in North America or in Europe
where exposure levels are relatively low, more studies are
needed in recently urbanized areas in Asia and Latin
America where air pollution levels are much higher and
T2DM is an emerging public health concern.
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Introduction

Type 2 diabetes mellitus (T2DM) is a metabolic disorder
characterized by high glucose levels in the blood caused by
insulin resistance and relative insulin deficiency [1]. There are
currently 347 million people with diabetes around the world
and T2DM represents approximately 90 % of people with
diabetes [2]. High fasting blood glucose was ranked as the
7th risk factor for global disease burden and accounted for 3.4
million deaths and 3.6 % of disability-adjusted life-years
(DALYSs) in 2010 [3]. While recent genome-wide association
studies have uncovered genetic variants associated with
T2DM risk [4, 5], these variants collectively account for only
a small proportion of T2DM risk, suggesting a substantial role
of modifiable risk factors in the development of T2DM.
Although diet and physical activity are well-established risk
factors for T2DM [6], there is growing evidence that environ-
mental pollutants also play an important role in the pathogen-
esis of T2DM [7].

Air pollution has been suggested as a risk factor for T2DM.
Recent reviews based on animal studies summarized potential
biological mechanisms of air pollution-induced insulin resis-
tance and T2DM [8, 9e], including particle-mediated alter-
ations in glucose homeostasis, inflammation in visceral adi-
pose tissue, endoplasmic reticulum (ER) stress in liver and
lung, mitochondrial dysfunction and brown adipose tissue
dysfunction, inflammation mediated through toll-like recep-
tors and nucleotide oligomerization domain receptors, and
inflammatory signaling in key regions of the hypothalamus.
Epidemiologic studies of air pollution and T2DM have pro-
vided mixed results [10-22, 23+, 24, 25, 26, 27-29]. Some
studies have reported significant positive associations, but
others found no associations. To summarize epidemiologic
findings, we conducted a systematic review of the epidemio-
logic studies on the association between ambient air pollution
and T2DM. We searched for studies on the incidence and
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prevalence of T2DM, diabetes mortality, and glucose homeo-
static measures such as fasting glucose, insulin, homeostatic
model assessment—insulin resistance (HOMA-IR), and glyco-
sylated hemoglobin (HbA.). Because of small numbers of
studies identified in each outcome and heterogeneity in air
pollutants, we conducted a meta-analysis only for long-term
exposure to fine particles (PM; 5) and incident T2DM to
compute a summary measure of association. For other out-
comes, we summarized each study findings descriptively.

Methods
Search Strategy and Data Extraction

We conducted a literature search in PubMed and Web of
Science on 7 January 2014 using the following key words:
(air pollution OR particulate matter OR PM;, OR PM, 5 OR
nitrogen oxides OR nitrogen dioxide OR fine particles OR
coarse particles OR ozone OR traffic particle OR traffic ex-
haust NOT nitric oxide) AND (type 2 diabetes OR diabetes
mellitus OR insulin OR glucose). We searched publications
between January 1990 and December 2013, given that epide-
miologic studies of air pollution and T2DM have received
attention just recently. In the Web of Science, we restricted
articles from the following categories: Environmental sci-
ences; Pharmacology pharmacy; Toxicology; Endocrinology
metabolism; Public environmental occupational health;
Cardiac cardiovascular system; Medicine general internal;
Multidisciplinary science. A total of 933 articles from
PubMed and 481 from Web of Science were identified and
the abstracts were reviewed. Only human studies that included
original data were considered. We also excluded studies con-
ducted in children or pregnant women (gestational diabetes),
studies with no air pollution data, studies with no effect
estimate in relation to air pollution exposure, or studies that
examined T2DM as an effect modifier. Finally, 21 original
studies were included in this review. We extracted the follow-
ing information from each study and summarized by study
design: first author, year of publication, study population,
sample size, study (follow-up) period, age, percent of female
subjects, exposure distribution [median (interquartile range
[IQR]), mean=+standard deviation, or range], number of cases,
covariates adjusted, and measures of association. We only
considered exposure measures from ambient concentrations
of air pollutants (i.e., studies on indoor air pollution were
excluded) and did not include exposure measures from emis-
sion inventory.

Statistical Analysis

To make the reported measures of association [e.g., hazard
ratio (HR), odds ratio (OR), percent change] across studies
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comparable, we rescaled the effect estimates for an IQR
increase and for a 10-unit (ug/m’ or ppb) increase. We con-
ducted a meta-analysis of the association between PM, 5 and
incident T2DM with the four cohort studies identified [13, 15,
26¢]. We used a random—effects model to compute a summary
HR. Two studies reported HRs from a multi-pollutant model
[15, 26°]. We extracted all reported HRs but considered the
HRs from a single pollutant model in the meta-analysis.
Because the number of studies for the meta-analysis was
small, we did not perform a test for publication bias. R
version 3.0.2 (R Foundation for Statistical Computing,
http://www.r-project.org) with the package metafor was
used.

Results

We included six prospective cohort studies on incident
T2DM; two prospective cohort studies on diabetes mortality;
four cross-sectional studies on the prevalence of T2DM or
impaired glucose metabolism (IGM) (fasting glucose
>100 mg/dL or physician-diagnosis); three studies on contin-
uous measures of glucose homeostasis; four ecological studies
on mortality from diabetes; and three ecological studies on
hospital/emergency admissions for diabetes.

Long-Term Exposure to Air Pollution and Incidence of Type 2
Diabetes Mellitus (T2DM)

We identified six cohort studies of incident T2DM (Table 1)
[10, 13, 15, 23, 26¢]. Two independent cohort studies [the
Nurses’ Health Study (NHS) and the Health Professional
Follow-up Study (HPFS)] were examined in a study by
Puett and colleagues [26¢]. Three studies were performed in
the USA and one each in Germany, Denmark, and Canada.
Three cohort studies [SALIA (Study on the Influence of Air
Pollution on Lung, Inflammation and Aging), BWHS (Black
Women’s Health Study), and NHS] included only women and
the HPFS included only men. Incidence rates ranged from 402
per 100,000 subjects in HPFS to 1,302 per 100,000 in the
Ontario residents’ study. Four studies examined either PMj s
(annual mean ranged from 10.6 to 21.1 pg/m3) or PM, (26.9
to 46.9 ug/m>); three studies examined either nitrogen oxides
(NOy) (41.6 ppb) or nitrogen dioxide (NO,) (14.5 to 41.7 ng/
m?). For PM, all four studies found weak positive associations
and only the Ontario residents’ study reported a statistically
significant association [adjusted HR=1.06 (95 % CI 1.01,
1.11) for an IQR increase in PM, s (5.4 ug/m’); HR=1.11
(95 % CI 1.02, 1.21) for a 10 pg/m’ increase] [13]. The
random—effect summary HR for a 10 pg/m’ increase in
PM, 5 was 1.11 (95 % CI 1.03, 1.19), with no evidence of
heterogeneity among the three studies with PM, s measures
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available (test for heterogeneity: Qgpe3=1.08, p-value=0.78)
(Fig. 1). For NO, or NO, (traffic-related particles), two studies
conducted in women’s cohorts reported significant positive
associations [HR=1.42 (95 % CI 1.16, 1.73) for NO, (IQR=
15 pg/m?) in SALIA; HR=1.25 (95 % CI 1.07, 1.46) for NO,
(IQR=12.4 ppb) in BWHS], whereas the Danish Diet, Cancer,
and Health (DCH) study found no association when all cases
of T2DM were examined but found a weak marginal associ-
ation when only confirmed T2DM cases were considered [HR=
1.04 (95 % CI 1.00, 1.08) for NO, (IQR=4.9 ug/m’)].

Two studies examined long-term exposure to air pollution
and incident diabetes mortality [30e, 27]. In a study conducted
in Denmark (the DHC cohort study followed from 1993 to
2009, N=52,061, 122 cases), an IQR increase in NO, (IQR=
4.9 pg/m’) averaged from 1971 to the follow-up period was
associated with an HR for diabetes equal to 1.14 (95 % CI
0.99, 1.32) [27]. A large national follow-up study conducted
in Canada (the 1991 Canadian census mortality follow-up
from 1991 to 2001, N=2,145,400, 5,200 cases) found a sig-
nificant positive association between average concentrations
of PM, 5 for the period from 2001 to 2006 and diabetes
mortality [HR=1.28 (95 % CI 1.22, 1.35) for an IQR increase
in PM, 5 (6.2 pg/m*)] [30e].

Long-Term Exposure to Air Pollution and Prevalence
of T2DM

Four studies (three observational and one ecological) reported
cross-sectional associations between long-term air pollution
and prevalence of T2DM or IGM (Table 1). Two observational
cross-sectional studies performed in Canada and The
Netherlands examined annual NO, concentrations as the

Author, Year, Country and Population Observed HR [95% Cl]

Puett, 2011, USA, NHS i 1.05[0.87,1.27]
Puett, 2011, USA, HPFS ——— 1.18[0.81,1.73]
Coogan, 2012, USA,BWHS —— 1.63[0.78,3.44]
Chen, 2013, Canada, Ontario HEH 1.11[1.02,1.21]

Overall L 2 1.11[1.03,1.19]

I T T T 1
0.61 1.00 1.65 272 448

Hazard Ratio

Fig. 1 Meta-analysis of the association between PM, s and incident
diabetes. Hazard ratios were based on a 10 pg/m; increase. A random—
effects model was used to compute the overall (summary) hazard ratio.
BWHS Black Women’s Health Study, HPFS Health Professional Follow-
up Study, /R hazard ratio, NHS Nurses” Health Study

@ Springer

exposure measure, whereas the SALIA study (Germany) ex-
amined various air pollution measures including PM, s, PM;¢ 5 5,
PM;y, NO,, and NO,. The ecological study conducted in
the USA was based on county levels of diabetes prevalence and
PM, 5 annual concentrations in 2004 and 2005 (N=2,754
counties). In patients from a respiratory disease clinic from
Hamilton (N=5,228, prevalence of T2DM=15 %) and
Toronto (N=2,406, prevalence of T2DM=17 %), ON,
Canada, an IQR increase in NO, was positively associated with
T2DM among women [OR=1.08 (95 % CI 0.94, 1.26) in
Hamilton; OR=1.23 (95 % CI 1.00, 1.50) in Toronto] but not
men [OR=1.03 (95 % CI 0.85, 1.20) in Hamilton, OR=0.92
(95 % CI 0.74, 1.09) in Toronto] [11]. In a study of 8,018
residents (prevalence of T2DM=8 %) from Westfriesland, The
Netherlands, NO, was not associated with the prevalence of
T2DM [17]. A study conducted in the SALIA cohort, Germany
(N=363, 100 % women, prevalence of IGM=48 %) found
significant positive associations of IGM with NO, [OR=1.47
(95 % CI 1.05, 2.05) per IQR increase] and NO, [OR=1.41
(95 % CI 1.01, 1.97)] [28]. Finally, in an ecological study of the
association between county-level PM, 5 concentrations and
diabetes prevalence in the USA [25], a 10 pg/m’ increase in
PM, 5 was associated with a 1.15 % (95 % CI 1.02, 1.32)
increase in the diabetes prevalence in 2004 and a 0.92 %
(95 % CI10.75, 1.13) increase in 2005.

Air Pollution and Measures of Glucose Homeostasis

Three studies evaluated continuous measures of glucose ho-
meostasis (Table 2) [12, 14, 21]. A study from Taiwan exam-
ined the associations of long-term exposures (annual concen-
trations) with five criteria pollutants [PM, s, PM;q, NO,,
sulfur dioxide (SO,), and ozone (Os)], whereas two studies
from Korea and Michigan, USA, examined short-term expo-
sures (up to 7-day lags of PM;y, NO,, SO,, and O; in the
Korean study; 5-day long exposure to PM, 5 in the US study).
All three examined fasting glucose levels; a study from
Taiwan additionally examined HbA ., a measure of glycated
hemoglobin in red blood cells that reflects the average glucose
level over the previous 3 months [31]; two studies from Korea
and Michigan examined fasting insulin and an indicator of
insulin resistance (HOMA-IR) [12, 21]. In a study of 1,023
participants from the Social Environment and Biomarkers of
Aging Study in Taiwan, fasting glucose and HbA,. were
associated with all criteria pollutants except SO, [14]. A study
0f 560 older people in Korea reported that short-term exposure
to PM;y, NO,, and O; but not SO, were associated with
increased fasting glucose, insulin and HOMA-IR, which sug-
gests reduced metabolic insulin sensitivity [21]. A human
panel study with 25 healthy non-smoking adults conducted
in Michigan also found that subacute exposure to PM, s (5-
day-long cumulative exposure) was associated with increased
fasting glucose, insulin, and HOMA-IR [12].
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Short-Term Exposure to Air Pollution and Mortality
from Diabetes

We identified four ecological studies (Poisson time-
series or case-crossover design studies) of short-term
exposure to air pollution and mortality from diabetes
(Table 3) [18-20, 24]. These studies included both type
1 and type 2 diabetes. In a study conducted in
Montreal, QC, Canada between 1984 and 1993, the
estimated percent change in daily diabetes mortality
for an IQR increase in air pollution was 13.2 %
95 % CI 2.69, 24.8) for PMyy, 12.0 % (95 % CI
3.01, 21.8) for PM,s, and 3.79 % (95 % CI 0.69,
6.98) for sulfate (predicted from PM, 5). In a later study
conducted between 1990 and 2003, the corresponding
percent changes were 3.45 % (95 % CI 1.29, 5.66) for
NO,, 2.74 % (95 % CI 0.75, 4.77) for carbon monoxide
(CO), and 1.89 % (95 % CI 0.05, 3.76) for SO, [19]. A
time-series study using daily mortality from diabetes
between 2001 and 2002 conducted in Shanghai, China
observed marginal associations with PM;, [4.18 %
(95 % CI 0.00, 8.54) per IQR increase] and SO,
[3.82 % (95 % CI 0.00, 7.78)] [20]. In Massachusetts,
black carbon [5.7 % (95 % CI —1.7, 13.7)] and sulfate
[2.9 % (95 % CI 3.1, 9.5)] were positively but non-
significantly associated with the deaths from diabetes
for the years 1995-2002 [24].

Short-Term Exposure to Air Pollution
and Hospital/Emergency Admissions for Diabetes

Three studies examined hospital/emergency admissions
for diabetes using the time-series Poisson model analy-
sis or the case-crossover design (Table 3) [16, 22, 29].
These studies also included both type 1 and type 2
diabetes. Two studies by Zanobetti et al. [29] and
Dales et al. [16] examined short-term exposures to air
pollution, and one study by Kloog et al. [22] examined
both short-term and long-term effects of PM; s.
Zanobetti et al. found that a 10 pg/m’ increase in 2-
day averaged PM, s was associated with a 2.74 %
(95 % CI 1.30, 4.20) increase in emergency admissions
for diabetes in 26 US communities between 2000 and
2003 [29]. In a study from Santiago, Chile between
2001 and 2008, Dales et al. found that IQR increases
in criteria pollutants except O3 were associated with an
11 % to a 15 % increase in the risk for hospitalization
for diabetes [16]. In a study conducted in New England,
USA, a 10 pug/m’ increase in short-term and long-term
PM, s was associated with a 0.96 % (95 % CI 0.62,
1.30) and a 6.33 % (95 % CI 3.22, 9.53) increase in the
risk for diabetes hospitalization, respectively [22].

Discussion

In general, two different study designs were used to examine
the association between air pollution and T2DM: observation-
al studies of incidence, prevalence, or mortality from T2DM
or continuous measures of insulin resistance in relation to
long-term exposure to air pollution; and ecological studies of
daily mortality or hospital/emergency admissions in relation
to short-term exposure. For the incidence and prevalence
studies and observational diabetes mortality studies, either
annual concentrations of particulate matters [mostly PM, s
or PM;( and PM;(_, 5 (coarse particles)] or nitrogen oxides
(NOy or NO,), which were estimated using land-use regres-
sion [10, 11, 15, 17, 26+, 27, 28, 30¢] or a satellite-based
approach [13], were used as exposure metrics, whereas eco-
logical studies of diabetes mortality or hospital/emergency
admissions (except the study by Kloog et al. [22]) used daily
concentrations of criteria pollutants (PM, 5, PM o, NO,, CO,
SO,, and Os) based on central monitoring or the nearest
monitors. Given the differences in study design and disease
etiology between long-term air pollution effects on the devel-
opment of T2DM versus short-term air pollution effects on
daily diabetes mortality or morbidity, we discussed causal
relationships based on epidemiologic findings by these two
study designs separately.

Observational Studies in Relation to Long-Term Exposure

Consistency For PM, s, all studies showed positive associa-
tions with either incident T2DM [13, 15, 23e, 26¢], diabetes
mortality [30¢], or prevalent IGM [28]. Our meta-analysis
suggests an association between PM, 5 and incident T2DM
with a small summary HR of 1.11 (95 % CI 1.03, 1.19). One
large national-level study that examined more than 2 million
Canadians showed a strong positive association between
PM, 5 and diabetes mortality. For NO, or NO,, a measure of
traffic particle exposure, three studies from two women’s
cohorts (SALIA and BWHS) reported a significant associa-
tion with incident T2DM [15, 23¢] or prevalent IGM [28], and
one relatively large study from Denmark (approximately
52,000 participants) also reported a significant association
with confirmed T2DM (but not with all cases of T2DM)
[10] or diabetes mortality [27]. Two other cross-sectional
studies also found a suggestive association with prevalent
T2DM only among women [11, 17].

Strength One Canadian census mortality study and two
women’s cohort studies (SALIA and BWHS) reported rela-
tively strong associations (HRs from 1.25 to 1.42 for an IQR
increase in PM, 5, NO,, or NO,), whereas other studies re-
ported modest associations (i.e., HRs or ORs <1.1). Although
most studies used land-use regression models to generate
improved exposure estimates, the use of stationary monitoring

@ Springer
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data rather than personal monitoring may lead to exposure
measurement error. Another potential source of exposure
measurement error is that 1-year average concentrations prior
to baseline or at any given year are used as proxies for the
long-term exposure. Exposure measurement error may occur
if individual exposure levels have changed over time before
baseline, e.g., if individuals have moved often before baseline.
These errors generally bias the observed association towards
the null.

Temporality Eight prospective studies have examined inci-
dent T2DM or diabetes mortality, which supports the tempo-
rality issue that the cause precedes the effect in time. Reverse
causation is unlikely given that onset of T2DM may not lead
to an increase in air pollution exposure.

Biological Plausibility As introduced earlier, several animal
studies support potential biological mechanisms, e.g., cumu-
lative exposure to air pollution can lead to a reduction in Akt
phosphorylation in the liver, skeletal muscle, and white adi-
pose tissue, which influences the insulin signaling pathway
and apoptosis [32, 33]. Fine particulate matter exposure can
induce inflammation in visceral adipose tissue by increasing
adipose tissue macrophages [34]. PM, 5 exposure may also
induce ER stress not only in the lung but in the liver, which
induces hepatic insulin resistance [35]. These mechanisms
eventually affect insulin resistance and cause T2DM [8, 9°].

Causal Inference Based on consistency of the observed find-
ings, the evidence of the association between long-term expo-
sure to PM, 5 and the risk of T2DM is suggestive. The vast
majority of studies were conducted in North America or
Europe and little evidence was reported from other areas.
The evidence on the association between long-term traffic-
related exposure (measured by nitrogen dioxide or nitrogen
oxides) and the risk of T2DM is also suggestive, although
most studies were conducted in women. The fact that two
primary studies showing significant associations between traf-
fic exposure and incident T2DM were conducted in women’s
cohorts and most other studies have reported a significant
association only among women suggests that women may
be more susceptible to an air pollution-related response to
T2DM. It is unclear whether the stronger associations in
women are consequences of sex-related biological differences
or gender-related behavioral or social differences [36], which
needs further investigation.

Ecological Studies in Relation to Short-Term Exposure
Consistency and Strength For mortality from T2DM, three
studies examined either PM;q or PM, 5: a time-series study

from Shanghai, China found a marginal association [20]. In
studies performed in Montreal, Canada, the earlier study that

@ Springer

examined mortality between 1984 and 1993 in which the
median concentrations of PM, 5 and PM,, were 28.5 and
14.7 ug/m’ reported a significant association (12 and 13 %
increases in diabetes mortality per IQR increase in PM, 5 and
PM;,, respectively) [18], whereas a more recent study that
examined mortality between 1990 and 2003 in which the
median PM, 5 concentration was 6.9 ug/m3 found no associ-
ation [19]. For hospital/emergency admissions, all three stud-
ies reported significant associations with PM, 5. Two US
studies where PM, 5 concentrations were 9 to 15 ug/m’ re-
ported weak positive associations (0.96 and 2.74 % per 10 ug/
m® increase in PM, s), whereas a time-series study performed
in Santiago, Chile where PM, 5 concentrations were twofold
higher (median PM, s=31.5 ug/m®) found a 6 % increased
risk per 10 ug/m3 increase in PM, s.

Biological Plausibility For short-term exposure, it is unclear
if mortality from diabetes or hospital/emergency admissions
related to diabetes were due to diabetes-related complications
by dysfunctions of serum glucose control or due to acute
exacerbation of other pre-existing diseases [16]. Short-term
exposure to particulate matters or O3 is known to induce
oxidative stress, systemic inflammation, endothelial dysfunc-
tion, and cardiac autonomic nervous system dysfunction
[37], which may lead to insulin dysregulation [38, 39].
A human panel study conducted in Michigan, USA
found that subacute exposure to PM, s was associated
with reduced metabolic insulin sensitivity as measured
by increased HOMA-IR and reduced heart rate variabil-
ity [12], which supports the plausibility that air pollu-
tion, not only long-term but relatively short-term expo-
sure, could influence insulin and glucose homeostasis.

Temporality The temporality issue in ecological time-series
studies has been assured by examining the lagged effects [40].
Nonetheless, most studies explored only short lagged-
exposure periods, such as a 0 or 1-day lag or a 2-day distrib-
uted lag because many previous studies of total and cardio-
vascular mortality and morbidity reported larger associations
with particle exposures at 0 to 2-day lags. Whether short-term
air pollution exposure has immediate effects on glucose and
insulin functions or more delayed effects remains to be ex-
plored in the future.

Causal Inference We conclude that the evidence is not
sufficient to infer a causal relationship of short-term
exposure to air pollution and mortality or hospital/
emergency admissions for diabetes. Although a few
studies suggest potential mechanisms, those are not spe-
cific to glucose and insulin actions and direct mecha-
nisms are unknown. Most previous studies examined
diabetes mortality and morbidity along with cardiovas-
cular and respiratory outcomes.
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Conclusion

Our systematic review suggests that the evidence is suggestive
to infer a causal relationship between fine-particle exposure
and the risk of T2DM and there is suggestive evidence of an
association between traffic-related exposure and incident
T2DM, especially in women. Because most studies were
conducted in North America or in Europe where expo-
sure levels are relatively low, more studies are needed
in recently urbanized areas in Asia and Latin America
where air pollution levels are much higher and T2DM is
an emerging public health concern [41, 42] to increase
the power and to determine the dose-response
relationships.
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