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yses we found a significant association between lower IOP during the summer months
with higher air temperature (B = —0.011, P < 0.001). This could be partially explained
in mediation analysis by lower systolic blood pressure at higher air temperature. Further-
more, IOP was associated with air pressure in univariable (B = 0.005, P = 0.04.) and
multivariable models (B = 0.006, P = 0.03).

Concrusions. There is a periodic annual change of IOP with higher values in winter
and lower values in summer supporting the hypothesis of an impact of environmental
temperature on IOP, which is partly mediated by lower systolic blood pressure in summer.
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he major modifiable risk factor for development and encing factors play an important role in the diagnosis and
progression of open-angle glaucoma is elevated intraoc- treatment of glaucoma.?
ular pressure (IOP).! Knowledge of IOP, its distribution in Several studies analyzed time-of-day and yearly fluctu-
the general population over different time courses, and influ- ations.>”7 It has already been proven that patients with
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glaucoma have high IOP fluctuations. Few studies have
investigated daily IOP variations in healthy subjects. Fluc-
tuations were also seen in these patients, but these were
smaller compared to in glaucoma patients.® Larger fluctu-
ations occur at night because of the lying sleeping posi-
tion.!® Studies that attempted to characterize a daily IOP
pattern concluded that there is no uniform pattern in healthy
subjects.!1-13

Furthermore, little is known about possible environ-
mental factors influencing IOP on large studies or on
population-based level. A former study from the 1980s found
an association between IOP and air pressure: increased air
pressure led to lower IOP.! However, a multiple regres-
sion analysis taking into account interindividual variations
showed only a negligible influence of atmospheric pres-
sure on IOP.!* An experimental study in healthy volun-
teers showed that an air pressure increase to two bars
over 40 minutes led to a significant decrease of IOP from
11.8 mm Hg to 10.7 mm Hg.!® A possible association
between IOP and air humidity is barely investigated and
showed no significant correlation.'#

With respect to air temperature, a study of healthy
Chinese showed an IOP change over the time course of one
year, indicated that IOP is higher on cold days and lower on
warm days.!? Also, other studies showed differences of IOP
in winter and summer.%12,16-21

The Gutenberg Health Study (GHS) offers the opportu-
nity to gain new insights into potential environmental factors
influencing IOP. The study population is one of the largest
population-based samples, in which IOP, climate parameters
and anthropometric parameters are observed over a period
of 10 years.

METHODS
Procedure and Study Sample

The GHS is a population-based, prospective, observational
single-center cohort study in the Rhine-Main Region in
Germany. The sample was equally stratified for sex, resi-
dence (urban or rural), and for age-decade. At baseline,
15,010 individuals were included (2007-2012), and 12,423
were re-examined after five years (2012-2017).

Ophthalmic Parameters

IOP was measured with a noncontact tonometry and auto-
matic air-puff control (NT 2000; Nidek, Inc., San Jose, CA,
USA), the mean of three measurements within a 3 mm Hg
range was obtained for each eye. The date and time of
the measurement was recorded. IOP measurements were
mainly performed between 11:00 and 18:00 hours. First,
the right eye was measured three times followed by the
left eye. If there was a difference of more than 3 mm Hg
between the three measurements, the measurement was
immediately repeated. For further calculations, the mean
IOP value of the right and left eye was used. Further informa-
tion on the lens status were determined with slit-lamp exam-
ination at baseline examination?? and Scheimpflug imag-
ing at follow-up examination.”> Pachymetry was measured
with Pachycam (Oculus, Wetzlar, Germany) at baseline and
Pentacam HR (Oculus) at follow-up examination. Glau-
coma status was determined on optic disc photographs
and using frequency doubling technology perimetry accord-
ing to a modified definition of the Glaucoma classifi-
cation according to International Society of Geographi-
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cal and Epidemiological Ophthalmology (https://www.ncbi.
nlm.nih.gov/pmc/articles/PMC1771026/).24

Climate Parameters

Climate parameters were provided by the “Institute for
Atmospheric Physics (Johannes Gutenberg University).” Air
pressure, humidity, and temperature were continuously
measured, and daily mean, minimum, and maximum values
were provided. In addition, the GHS also provided data on
measured temperature inside and outside the study center.

General Parameters

Characteristics of the study population including age, sex,
height, weight, and body mass index (BMI) were surveyed.
Diabetes mellitus was defined as an established diagnosis,
use of anti-diabetics, or HbAlc > 6.5%, arterial hypertension
as use of antihypertensive medication, systolic blood pres-
sure >140 mm Hg, diastolic blood pressure >90 mm Hg,
or an established diagnosis. Further information, such as
the HbAlc-level, were determined by using standardized
measurement procedures.

Statistical Analysis

Descriptive analysis was conducted for primary and
secondary variables. For categorical parameters, absolute
and relative frequencies were computed. For continuous
variables, mean and standard deviation were calculated for
approximately normal-distributed data, otherwise median
and interquartile range were calculated.

For IOP analysis, the mean value from both eyes was
used, if available. Population-based IOP distribution within
the day, daily IOP averages, and the IOP distribution over
the year with monthly averages were computed.

To analyze the association of IOP and climate param-
eters, time series diagrams (the component models) were
created that highlight the seasonal component, as well as
the trend. The component model is subject to the assump-
tion that not all time series are stationary. They are therefore
subject to a trend, seasonality and thus variance, which is not
constant. To analyze the nonstationary time series in more
detail, it is decomposed into several components.”> In the
analysis, the time series was decomposed into the following
four components: observed values, trend, seasonal compo-
nent, and random data. Time series were then adjusted for
trend and tested for a significant relationship using a cross-
correlation function. One function of time series is to be
able to recognize possible correlations in successive tempo-
ral intervals. This is illustrated by the autocorrelation, which
shows possible correlation between the temperature and the
subsequent values of the IOP in the following correlation
plot.?>2° The lags in the correlation plot establish periods
of time between the two time series. The observations in
one time series are tested against lagged values in the other
time series.”> An association between IOP and the temporal
component was additionally examined using cosinor analy-
sis (“cosinor package” in R).?’

Univariable and multivariable linear regression analyses
were conducted to analyze the association between IOP
and climate parameters (air temperature, air humidity, air
pressure) on individual participant level (repeated measures
were modeled with generalized estimating equations). Anal-
yses were adjusted for potential confounding factors (age,
sex, diabetes, BMI), and in addition an effect mediation for


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1771026/

Intraocular Pressure and Climatic Parameters

systolic blood pressure was conducted. The mediation anal-
ysis helps to speculate why an independent variable is possi-
bly associated with another variable. We looked at an inter-
vening variable (mediator = systolic blood pressure) that
could possibly be the reason for the present association.
The percentage of the mediator causing the association is
calculated.”®

As sensitivity analyses, glaucoma patients, those with a
prescription of IOP lowering therapy were excluded and
only participants with phakic lens status were included. The
study population was stratified by sex, and stratified on age
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decades. Data were processed with the statistical program R
(version: 4.0.3 (2020-10-10)).

RESULTS

Overall, 14.632 study participants were included. The mean
age of the study population was 55 £ 11.11 years, and 49.5%
were female. Table 1 shows the participants’ characteristics
at baseline. The mean IOP was 14.11 + 2.69 mm Hg in
women and 14.37 &+ 2.87 mm Hg in men.

TaBLe 1. Participants’ Characteristics (V = 14,632, Baseline Examination) and Climatic Parameter in the Gutenberg Health Study

Overall Men Women
Anthropometric data 14,632 7390 7242
Age (y), mean (SD) 55 (11.1) 55.22 (11.1) 54.77 (11.1)
Weight (kg), mean (SD) 79.72 (16.58) 87.28 (14.36) 72.01 (15.08)
Height (cm), mean (SD) 170.44 (9.5) 176.98 (7.08) 163.79 (6.61)
BMI, mean (SD) 27.38 (5.02) 27.86 (4.29) 26.88 (5.62)

Medical history
Systolic blood pressure (mm Hg), mean (SD)
Arterial hypertension
Diabetes
Ophthalmic parameters
IOP (mm Hg), mean (SD)
Glaucoma (ISGEO)
Central corneal thickness (um)
Spherical equivalent (diopters), mean (SD)
Lens status (phakic)
Local eye medication
Sympathomimetics
Parasympathomimetics
Carbonic anhydrase inhibitors
Beta blocking agents
Prostaglandin analogues
Climatic parameters
Temperature in F° and C° , mean
Air humidity, mean
Air pressure (mB), mean

131.30 (17.42)
7261 (49.7%)
1364 (9.3%)

14.24 2.79)
128 (1.1%)
553.76 (35.28)
—0.42 (2.44)
14,055 (96.1%)

133.86 (16.22)
4026 (54.5%)
841 (11.4%)

128.69 (18.20)
3235 (44.7%)
523 (7.2%)

14.37 (2.87) 14.11 (2.69)
63 (1.0%) 65 (1.1%)
556.19 (35.1) 551.30 (35.29)
—0.44 (2.36) —0.40 (2.51)

7106 (96.2%)

6936 (95.8%)

37 (0.3%) 20 (0.3%) 17 (0.2%)
8 (0.1%) 2 (0.0%) 6 (0.1%)
46 (0.3%) 20 (0.3%) 26 (0.4%)
202 (1.4%) 103 (1.4%) 99 (1.4%)
95 (0.7%) 48 (0.7%) 47 (0.7%)

50.34°F/10.19°C
80%
1000.3

SD, Standard deviation; ISGEO, Glaucoma classification according to International Society of Geographical and Epidemiological Ophthal-
mology (https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1771026/).
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Figure 1. Seasonal component of average temperature and IOP in time series analysis (monthly averages): data from the Gutenberg Health
Study (2007-2017) and Department of Astrophysics (2007-2017).
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Time Series Analysis

IOP time series over 10 years with monthly averages showed
that IOP is subject to seasonality (Fig. 1). The time series
of temperature also shows a seasonal component (Fig. 1).
Looking at the two time series, an almost inverse relationship
between both time series can be seen: at high temperature,
the IOP is low and the other way round. The smaller peak
of the IOP seasonality arises from a small number of IOP
measurements in December, because the study center is not
open the whole month. The other components of time series
analysis are shown in Supplementary Figures S1 and S2.

Data from the GHS study center also demonstrated
seasonality in the measured outdoor temperature (Supple-
mentary Fig. S3a). This was not the case for the indoor
temperature (Supplementary Fig. S3b).

The correlation between temperature and IOP is also
reflected in the correlation plot of both time series
(Fig. 2a) in crude analysis and after removing the trend
component (Fig. 2b), although there is a minor correla-
tion after also removing the seasonal component (Fig. 2¢).
Component models were also created for variables that
have been shown to influence IOP. Systolic blood pressure
showed a matching seasonality compared to IOP (higher
values in winter, lower values in summer). The correlation
plots between the outdoor temperature of the GHS and IOP
showed comparable results (Supplementary Fig. S4).

Furthermore, we conducted a cosinor analysis to exam-
ine the association between IOP and temporal patterns. Our
results revealed significant temporal relationship between
the 52-week IOP data and both the amplitude (B = 0.12,
P < 0.05) and acrophase (B = 1.04, P < 0.05) within the
52 weeks of a year demonstrating a periodic distribution of
IOP.

Associations Between Climate Parameters and
10P

There was a significant association between air temperature
and IOP (r = —0.17, P < 0.0001; Fig. 3a). Higher average
daily temperature was associated with a lower IOP. IOP peak
was recorded in February (14.9 + 0.48 mm Hg) and lowest
IOP in July (14.3 &+ 0.43 mm Hg).

A univariable correlation was also found between air
pressure and IOP (» = 0.07, P = 0.031, Fig. 3b) and air
humidity and IOP (r = 0.07, P = 0.031, Fig. 3c). Linear
regression analysis showed in univariable analysis an asso-
ciation between IOP and air temperature and air pressure
as climate parameters, whereas in multivariable model with
adjustment for potential confounders air temperature and air
pressure remained associated with IOP (Table 2).

We further found a significant association of lower
systolic blood pressure and higher air temperature (—0.08,
95% confidence interval [CI] = —0.1 to —0.06, P < 0.001).
Mediation analysis revealed that the relationship between
IOP and air temperature is approximately 77% mediated by
the lower systolic blood pressure. In the regression model
with both temperature and systolic blood pressure, the asso-
ciation between IOP and air temperature remains (—0.0088,
95% CI = —0.01 to 0.00, P < 0.0012) significant. In the multi-
variable model with adjusting for potential confounders the
association remains robust. Sensitivity analyses (exclusion of
subjects with glaucoma disease, exclusion of subjects with
IOP surgery or IOP-lowering medication, only inclusion of
participants with phakic lens status) showed comparable
results.
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Ficure 2. Correlation plot between IOP and air temperature.
(a) Crude analysis, (b) after removing of the trend component, and
(c) after removing the seasonal component as well.

Within Day IOP Distribution

Within day distribution of IOP (measured between 7:00-
18:00) showed no significant difference over the day
(Fig. 4), with women showing slightly lower values than men
(Supplementary Fig. S5).

DISCUSSION

This study analyzed the relationship between IOP and
climate parameters in a large population-based sample over
the course of 10 years. We found a periodic change of IOP
over the year through the time series and cosinor analysis
with higher values in winter and lower values in summer.
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Ficure 3. Scatterplot between IOP and air temperature (a), air humidity (b), and air pressure (c). Results from the population-based
Gutenberg Health Study (n = 14,632) from baseline examination (2007-2012). The blue line illustrates the LOESS line.

TaBLE 2. Multivariable Linear Regression Analysis (With Generalized Estimating Equations) of Climate Parameters With IOP

Multivariable, Adjustment for
Age, Sex, BMI, CCT, Diabetes,
and Systolic Blood Pressure

B 95% CI P Value B 95% CI P Value B 95% CI P Value
Air temperature —0.011 —0.02 to —0.01 <0.001 —0.016 —0.02 to —0.01 <0.001 -0.013 —0.02 to 0.01 <0.001
Air humidity 0.002 0.00-0.01 0.16 0.002 0.00-0.01 0.38 0.002 [0.00-0.01] 0.26
Air pressure 0.005 0.00-0.01 0.04 0.006 0.00-0.01 0.03 0.006 [0.00-0.01] 0.02

CCT, central corneal thickness.
Data from the Gutenberg Health Study (2007-2017).

This association can in part be explained by lower blood
pressure values at higher air temperature.

Our findings are supported by other studies in healthy
subjects®17:18: One study with 103 healthy Chinese partici-
pants found an IOP difference of 1.4 + 0.7 mm Hg between
winter and summer, with higher IOP in winter months.?
Analyses in this subject area in Chicago, Illinois, United
States, recorded an IOP peak in December/January (15.7
+ 3.7/15.7 £ 3.8 mm Hg) and lowest IOP in September
(14.5 £ 3.1 mm Hg).** A study using results from the
UK Biobank of 110,573 participants demonstrated season-
ality of IOP with lower values in summer and higher
values in winter.? In this study IOP peak was recorded
in February (14.9 £ 0.48 mm Hg) and lowest IOP in July
(14.3 £ 0.43 mm Hg).

Investigative Ophthalmology & Visual Science
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One retrospective cohort study analyzed a 20-year
period through medical records showing significant seasonal
changes over the entire period.!” Similarly, studies examin-
ing glaucoma patients concluded that IOP is subject to peri-
odic IOP changes.?!7:18

The question arises how this seasonality of IOP might be
explained. The present study showed that there is a signifi-
cant relationship between IOP and air temperature. Season-
ality of IOP and temperature showed an almost inverse
relationship. Both seasonality curves partially overlap, most
likely because the IOP does not react immediately to temper-
ature change but with a time lag. The association was evident
in both the correlation plot and the regression analysis, as
well as after adjustment for possible confounders. Effect
mediation analysis revealed that systolic blood pressure
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Ficure 4. Within day distribution of IOP. Results from the population-based Gutenberg Health Study (n = 14,632), data from baseline

examination (2007-2012).

partly mediates this association. Similar to our study data,
other studies demonstrated the seasonality of systolic blood
pressure with higher values in winter and lower values in
summer time.>*~3% The association between IOP and systolic
blood pressure has been proven by multiple studies, 37
each of these studies indicated that an increase in systolic
blood pressure was also associated with an increase in
IOP. Temperature and systolic blood pressure showed a
relationship in several studies: at high temperatures blood
pressure is lower, whereas at low temperatures blood pres-
sure is reported to be higher.'*%3° The underlying expla-
nation for this phenomenon is that lower temperature
cause temporary constriction of blood vessels, resulting in
increased resistance to blood flow and consequently higher
blood pressure.®° It has been hypothesized by several studies
that high systolic blood pressure affects aqueous humor by
ultrafiltration, which increases IOP.41-%3 Our effect mediation
results show that IOP is partially altered because of a change
in systolic blood pressure caused by outdoor temperature.
However, in our cohort, systolic blood pressure did not fully
explain the association of IOP and air temperature.

Little is known about a possible relationship between air
humidity and IOP. We didn’t find an association between
air humidity and IOP in this analysis. Similar results on
this subject demonstrating no relationship were reported
in another study.!* With respect to atmospheric pres-
sure, IOP was associated in univariable and multivariable
analysis.

This result is partly consistent with the literature on this
topic. One study in Germany examined 109 patients with
chronic glaucoma or ocular hypertension and found a corre-
lation between IOP and atmospheric pressure. However,

Downloaded from iovs.arvojournals.org on 04/04/2024

a multiple regression analysis showed that the influence
of atmospheric pressure on IOP is negligible when taking
interindividual variations into account.'4

One experimental study showed that an increase of air
pressure to two bars over 40 minutes in a hyperbaric cham-
ber led to a significant decrease of IOP."> This atmospheric
pressure corresponds to a dive at a depth of 10 meters.
However, this study evaluated the short-term effects of
massive air pressure changes and thus is not comparable
to the natural slow and much smaller fluctuations. Air pres-
sure regularly fluctuates by approximately 0.003 bars during
the day.**

Strengths and Limitations

This study analyzed data from a large population-based
representative sample. The study contributes results to better
understanding of characteristics of IOP over time course and
its relation to climate parameters as an environmental influ-
ence factor. Compared to other studies on this topic, the
large study population and the long observation time of
10 years offer the possibility of obtaining representative find-
ings. Furthermore, the large study sample offers the oppor-
tunity to explore the link between systolic blood pressure,
temperature, and IOP.

However, there are some limitations of our study, which
need to be considered. The included GHS subjects mainly
consist of Caucasian origin. Therefore no generalizabil-
ity to other ethnicities is given. IOP measurement by
noncontact tonometry can be recognized as a limitation,
although the application of noncontact tonometry is widely
used in the clinics but not in full agreement with the
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reference standard Goldmann applanation tonometry. More-
over, there are IOP measurement techniques incorporat-
ing biomechanical properties such as the ocular response
analyzer,*#¢ which would allow us to further investigate
potential influence of temperature on IOP because of a
change in biomechanical characteristics. To reduce this
potential influence, we adjusted for central corneal thick-
ness in our statistical analysis. In addition, only daily data
on climate parameters were available limiting the time series
analysis.

CONCLUSION

In conclusion, this study demonstrates periodic change of
IOP over the time course of 10 years in a population-based
sample: IOP is higher in winter and lower in summer time.
IOP is associated with air temperature showing an inverse
but similar pattern of seasonality. Part of the effect of air
temperature on IOP could be explained by systolic blood
pressure as an effect mediation.
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