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Purpose: Microbial keratitis (MK) is a major cause of corneal
blindness worldwide. Variations in season and temperature can
affect MK incidence due to specific causative organisms; however,
few studies have examined these factors in the UK.

Methods: Retrospective review of all corneal scrapes from patients
with MK presenting to Manchester Royal Eye Hospital, UK,
between January 2004 and December 2015. Manchester’s monthly
temperature data were obtained from Met Office UK. Analysis was
performed using logistic regression.

Results: From 4229 corneal scrapes, 1539 organisms grew (90.6%
bacteria, 7.1% fungi, and 2.3% Acanthamoebae sp.). Gram-positive
bacteria grew with increasing temperature [odds ratio (OR) 1.62, 95%
CIL: 1.11-2.39, P = 0.014], and fungi grew with decreasing temperature
(OR 0.29, 95% CI: 0.16-0.51, P < 0.001). Moraxella sp. grew with
decreasing temperature (OR 0.91, 95% CI: 0.86-0.96, P = 0.001).
Compared with winter, overall culture positivity was significantly less
likely in summer (OR 0.57, 95% CI: 0.38-0.87, P = 0.008) and spring
(OR 0.65, 95% CI: 0.43-0.99, P = 0.045). Gram-negative bacteria were
more likely in summer (OR 1.48, 95% CI: 1.06-2.09, P = 0.022) and
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autumn (OR 1.75, 95% CI: 1.24-2.47, P = 0.001). Candida sp. were
less likely in summer (OR 0.25, 95% CL: 0.07-0.82, P = 0.027) and
autumn (OR 0.18, 95% CI: 0.05-0.62, P = 0.009), and Acanthamoeba
sp. were less likely in summer (OR 0.39, 95% CI: 0.15-0.92, P =
0.037) and spring (OR 0.26, 95% CI: 0.08-0.69, P = 0.011).

Conclusions: Herein we report variation in the incidence of
MK-causing organisms by season and temperature; this finding
may aid clinicians in predicting possible causative organisms for MK
at differing times of the year.

Key Words: microbial keratitis, corneal ulcer, cornea, season,
temperature, acanthamoeba

(Cornea 2018;37:1555-1560)

icrobial keratitis (MK), characterized by stromal infil-

tration with an overlying epithelial defect and evidence
of suppuration, is a potentially vision-threatening condition
that requires prompt medical attention. If left to progress, MK
may cause significant corneal scarring or perforation, and
hence empirical treatment may need to be initiated rapidly
while awaiting microbiological confirmation of the causative
organism. Corneal infections are uncommon unless predis-
posing factors are present, with contact lens wear being
implicated as a major risk factor.!#

In certain geographical locations, microbiological analy-
sis of corneal samples may not be possible. Additionally, some
organisms, for example fungi and Acanthamoeba sp., may take
several days to grow in culture, and as such significant time can
elapse before microbiological guidance becomes available.
Local epidemiological patterns of infection may, therefore,
provide valuable information to guide management. Other
authors have documented geographical and seasonal variation
amongst causative organisms in MK,>~7 but very few studies
have explored these factors in the UK.%° The 2 UK studies that
have previously investigated seasonal variation in MK have
observed a peak of MK presenting during the summer months
(June—August) in both Nottinghamshire and Hampshire in the
UK, although variation in the prevalence of causative organ-
isms by season or temperature was not reported.®1°

We recently reported temporal trends in the causative
organism of MK in patients presenting to Manchester Royal
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Eye Hospital, UK, over a 12-year period; we observed
a decreasing prevalence of gram-positive bacteria over this
time period but increasing levels of Moraxella sp., Acantha-
moeba sp. and fungal species in more recent years.!! In the
present study, we have explored the association between the
causative organism, season, and monthly average temperature
over the same 12-year time period.

METHODS

This study was conducted in accordance with the
Declaration of Helsinki, and ethical approval was obtained
from the National Health Service Research Ethics Committees,
UK, via the National Integrated Research Application System,
UK. Data on culture positivity, organism cultured, and date of
corneal scraping were collected retrospectively for all corneal
scrape samples received by the Microbiology Department at
Manchester Royal Infirmary from January 1, 2004 to Decem-
ber 31, 2015; microbiological methods were previously
described by Tan et al.!! An ophthalmology resident, fellow
or consultant performed corneal scraping on ulcers with
stromal infiltrate measuring =1 mm in diameter. The unit of
analysis was the corneal scrape; repeated scrapes from the
same patient were included if the culture was positive, and
multiple organisms from the same scrape were included.

Average monthly temperature data from January 2004
to January 2016 were purchased from the Met Office, Devon,
UK (www.metoffice.gov.uk). These readings were taken from
the geographical weather stations nearest to Manchester Royal
Eye Hospital/Manchester Hulme Library from January 2004
to October 2013 (NGR 3834E 3967N) and Rostherne from
November 2013 to January 2016 (3747E 3849N). To examine
temporal trends, the study period was divided into groups of 1
year (1st December—30th November of the following year).
Seasons were defined as per meteorological definitions that
have been used in previous studies,'? winter (December 1—
February 29 of the following year), spring (March 1-May 31),
summer (June 1-August 31), and autumn (September 1—
November 30) for each 1-year period. Statistical analysis was
performed using R version 3.2.4 (www.R-project.org) with the
Analysis of Overdispersed Data package (“aod”).!3:14 Logistic
regression analyses were performed with overall culture
positivity as the dependent variable (or culture-positive to
specific organisms) and season, year and temperature as
independent variables. For season, winter was used as the
baseline, and each season was compared with winter (winter
was chosen as the baseline as there was more distinction in
temperature between this period and temperature in the other
seasons). To account for changes over time, an interaction
term was considered between season and year that reflects the
changing differences between seasons over time. Potential
nonlinear relationships were explored by including quadratic
and cube terms for both year and temperature. Therefore, some
relationships are presented with up to 3 components, each
representing a different shape of the relationship. Backward
stepwise selection was used to identify the final model with
variable selection based on Akaike’s Information Criteria.
When season was included in the final model, the Wald test
was used to assess the overall significance of season.
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RESULTS

During the study period, 4229 corneal scrape samples
were received, 32.6% of which were culture-positive for
bacteria, fungi, or Acanthamoeba sp. (a total of 1539
organisms), including 148 mixed infections (ie growth of up
to 4 organisms).!! The average monthly temperature variation
during the entire study period is shown in Figure 1, with
a minimum temperature of 1.2°C in December 2010 and
a maximum of 20.8°C in July 2006. Exploratory analysis
showed no evidence to suggest a systematic increase in
average monthly temperature over the 12-year study period
(ie temperature—year interaction). Regression results of the
final models with no interaction terms are shown in Table 1.
Table 2 reports the results of these models with a significant
interaction term.

The largest number of culture-positive samples for any
organism occurred in the winter season, with -culture-
positivity less likely in the corneal scrape samples obtained
in summer [odds ratio (OR) 0.57, 95% CI: 0.38-0.87, P =
0.008], or spring (OR 0.65, 95% CI: 0.43-0.99, P = 0.045)
compared with winter (Table 1). A temporal interaction was
found with a slight increase in the proportion of culture-
positive samples occurring in summer rather than winter (OR
1.09, 95% CI: 1.03—-1.15, P = 0.003; Table 2) with increasing
years in the study period.

Associations Between Specific Organisms,
Season and Temperature

There was a slight decrease in the isolation of gram-
positive organisms over the 12-year period (OR 0.95, 95%
CI: 0.91-0.98, P = 0.001; Table 1), however there was an
increased likelihood of culture-positivity for gram-positive
organisms with increasing temperature (linear component OR
1.62, 95% CI: 1.11-2.39, P = 0.014; Table 1), with a non-
linear relationship, roughly plateauing between 5°C and 15°C
(ie cubic relationship) as shown in Figure 2. Amongst the
gram-positive organisms, coagulase-negative Staphylococcus
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FIGURE 1. Variation in average monthly temperature during
the entire study period, shown in box-and-whiskers plot form.
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TABLE 1. Results of Final Multivariable Regression Models, Without Interaction Term (OR)

Predictor
Season (Winter as Baseline) Year* Temperature*
Season OR (95% CI) P Component OR (95% CI) P Component OR (95% CI) P
Gram-positive Linear 0.95 (0.91-0.98) 0.001  Linear 1.62 (1.11-2.39) 0.014
bacteria Quadratic 0.95 (0.91-0.99) 0.009
Cubic 1.00 (1.00-1.00) 0.009
Staphylococcus Linear 0.84 (0.69-1.03) 0.087
aureus Quadratic 1.02 (1.00-1.03) 0.010
Gram-negative Spring 1.37 (0.97-1.95)  0.072
bacteria Summer  1.48 (1.06-2.09)  0.022
Autumn 1.75 (1.24-2.47)  0.001
Pseudomonas sp. Linear 0.94 (0.89-1.00) 0.055  Linear 1.08 (1.03-1.14) 0.002
Moraxella sp. Linear 1.12 (1.05-1.20) 0.001  Linear 0.91 (0.86-0.96) 0.001
All fungi Linear 1.06 (1.00-1.13) 0.047  Linear 0.29 (0.16-0.51)  <0.001
Quadratic 1.13 (1.06-1.21)  <0.001
Cubic 1.00 (0.99-1.00)  <0.001
Candida sp. Spring 0.88 (0.23-3.39) 0.846  Linear 1.93 (1.05-3.68) 0.038
Summer 0.25 (0.07-0.82)  0.027  Quadratic 0.94 (0.89-0.98) 0.006
Autumn 0.18 (0.05-0.62)  0.009
Acanthamoeba sp.  Spring 0.26 (0.08-0.69) 0.011 Linear 1.32 (1.18-1.49)  <0.001
Summer 0.39 (0.15-0.92)  0.037
Autumn 0.44 (0.17-1.08)  0.084

*The relationships with year and temperature are represented by up to 3 parameters each giving a different component: linear (ie direct linear relationship between temperature and
year), quadratic (temperature,? ie, curve with single peak/trough) and cubic (temperature,? ie curve with plateau phase or peak and trough).

sp. were the most abundant (34.1%, n = 332/974) and, when
compared to all other culture-positives, occurred more
frequently in autumn (OR 3.55 95% CI: 1.38-9.39, P =
0.010; Table 2).

Gram-negative organisms (n = 420) were more likely to
be cultured in summer (OR 1.48 95% CI: 1.06-2.09, P =
0.022) or autumn (OR 1.75 95% CI: 1.24-2.47, P = 0.001;
Table 1) when compared with the winter season. Pseudomo-
nas sp. were the most frequently isolated gram-negative
organisms (37.1%, n = 156/420), of which 86.0% were
Pseudomonas aeruginosa (n = 134/156). Increasing temper-
ature was found to be associated with slightly higher odds of
culture-positivity for Pseudomonas sp. (OR 1.08, 95% CI:
1.03-1.14, P = 0.002), but lower odds of culture-positivity for

Moraxella sp. (n = 93; OR 0.91, 95% CL: 0.86-0.96, P =
0.001; Table 1) when compared with all other gram-
negative organisms.

With regard to fungi, 2.5% of all samples (n = 106)
were culture-positive, of which 53.2% grew Candida sp. (n =
58/106) and 25.7% grew Fusarium sp. (n = 27/106). Overall,
there was an increased likelihood of culture-negativity for any
fungus with decreasing temperature (linear component OR
0.29, 95% CI: 0.16-0.51, P < 0.001; Table 1) roughly
plateauing between 5°C and 16°C, as shown in Figure 3.
Positive Candida samples were less likely in summer (OR
0.25, 95% CI: 0.07-0.82, P = 0.027) or autumn (OR 0.18,
95% CI. 0.05-0.62, P = 0.009) compared to winter. There
was a slight change in the temporal trend with more fungal

TABLE 2. Results of Final Multivariable Regression Models With Interaction Term (OR)

Predictor

Season (Winter Baseline)

Year* Season: Year Interaction

Season OR (95% CI) P Component OR (95% CI) P Term OR (95% CI) P
All positive samples ~ Spring 0.65 (0.43-0.99) 0.045 Linear 1.87 (1.46-2.4) <0.001  Spring: year 1.05 (1.00-1.11) 0.064
Summer  0.57 (0.38-0.87) 0.008 Quadratic 0.90 (0.86-0.94) <0.001 Summer: year 1.09 (1.03-1.15) 0.003
Autumn 0.85 (0.56-1.29)  0.448 Cubic 1.00 (1.00-1.01) <0.001  Autumn: year 0.98 (0.93-1.04) 0.583
Coagulase-negative Spring 2.04 (0.874.85) 0.104 Linear 1.41 (1.13-1.78) 0.003  Spring: year 0.83 (0.72-0.95) 0.007
Staphylococci Summer 1.91 (0.82-4.47) 0.136  Quadratic 0.97 (0.95-0.98) <0.001 Summer: year  0.88 (0.77-1.00) 0.049
Autumn 3.55(1.38-9.39)  0.010 Autumn: year 0.71 (0.60-0.85)  <0.001

*The relationship with year is represented by up to 3 parameters each giving a different component: linear (ie direct linear relationship between temperature and year), quadratic
(temperature,? ie curve with single peak/trough) and cubic (temperature,? ie curve with plateau phase or a peak and trough).
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FIGURE 2. Proportion of gram-positive bacteria cultured as
a percentage of all culture-positive organisms, versus tem-
perature.
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culture-positivity near to the end of the study (OR 1.06, 95%
CIL: 1.00-1.13, P = 0.047; Table 2).

A temporal trend was also noted for Acanthamoeba sp.,
with more positive cultures from samples obtained toward the
end of the study period (OR 1.32 95% CI: 1.18-1.49, P <
0.001). Overall, 2.3% of all organisms grown were Acantha-
moeba sp. (n = 35/1539). The corneal scrape samples were
less likely to be positive for Acanthamoeba sp. in spring (OR
0.26 95% CI: 0.08-0.69, P = 0.011) or summer (OR 0.39, CI:
0.15-0.92, P = 0.037; Table 1).

DISCUSSION

This study has identified several seasonal and temper-
ature trends related to MK in the northwest of England. The
most commonly isolated pathogen from our 12-year series
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FIGURE 3. Proportion of fungi cultured as a percentage of all
culture-positive organisms, versus temperature.
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was coagulase negative staphylococcus,!! in keeping with
other reports of causative organisms in MK in other regions
of the UK.!015.16 Although we detected a temporal trend,
with a slight reduction in gram-positive organisms being
isolated toward the end of the study, further studies are
required to ascertain the reasons for this finding. An increasing
trend in contact lens wear over the period of study!” may have
influenced the pattern of microbial pathogens isolated from
corneal ulcers over time, away from gram-positive organisms
(more often associated with ocular surface disease or prior
ocular surgery)! toward contact lens-related pathogens
(ie gram-negatives or Acanthamoeba sp.).'! Also, increasing
culture-positivity in summer months over the time period of
the study may reflect seasonal trends in contact lens wear in
the UK—further research is required to ascertain the impact of
patients’ contact lens use on seasonality of MK in the UK.

We found that gram-positive organisms were more likely
to be present in corneal scrape samples obtained in warmer
temperatures, although this is not specifically associated with
any season. Others have also reported a similar association
between gram-positive organisms (especially Staphylococcus
aureus) isolated from blood cultures in septicaemia and
increase in environmental temperature.'® Coagulase-negative
staphylococcal cultures were more abundant in autumn months
but were not specifically associated with temperature; this
implies a role for factors other than temperature in influencing
the seasonal pattern, for example humidity/rainfall during
autumn or patient-related factors (ie increased foreign travel
or contact lens wear) during this season. We also found that
gram-negative organisms were more likely to occur during
summer, and Pseudomonas isolates in particular were more
likely to occur in warmer temperatures. This finding has also
been observed in other studies of MK in Australia and New
York, USA.7-1° Strains of P. aeruginosa isolated from bacterial
keratitis share genotypic similarities with environmental strains
that reside in surface water,?® and P. aeruginosa is more
frequently isolated from surface water in summer rather than
winter.?! Hence, patients exposed to standing water in summer,
for example in swimming pools,>! may be more likely to
develop Pseudomonas keratitis in summer months. Nonocular
gram-negative infections also exhibit this pattern, with data
from the USA and other areas suggesting that gram-negative
bloodstream infections are more common in warmer, summer
periods.'®?? The underlying mechanism remains unknown
although a rise in temperature may aid the pathogenicity of
gram-negative bacteria through increased production of
virulence factors such as lipid A in the lipopolysaccharide
capsule.'® Conversely, the gram-negative species Moraxella
was associated with lower temperatures in our study. Previous
reports of Moraxella sp. in respiratory infections and otitis
media have similar findings with more infections during lower
temperatures in winter months.?3>* One reason for this has
been attributed to the increased expression of adhesion
molecules by Moraxella sp. in colder conditions, allowing
better adherence to respiratory epithelial cells and inducing the
production of epithelial proinflammatory cytokines (eg ILS)
once adherence had occurred.?’

Fungal isolates were also more likely to occur at lower
temperatures, and Candida sp. was the most common fungal

Copyright © 2018 Wolters Kluwer Health, Inc. All rights reserved.
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isolate in this study. Candida keratitis is more likely to occur
in cooler climates than in tropical regions,?® and invasive
infections associated with Candida sp. occur more frequently
in winter months.?” Although Fusarium sp. is often the most
common fungus to be isolated in tropical regions,?®-?3 this
was not the case in our patient cohort. Humidity may also
play a role in the growth of certain fungi,??-*? although we did
not investigate the effect of humidity as part of this study.
Seasonal variations in host vitamin D3 levels may also have
an impact on the host response to fungal pathogens at the
ocular surface. In vitro studies have shown that higher
vitamin D3 levels (which may occur naturally in summer
months) are associated with an anti-inflammatory effect, with
reduced gene expression of 7LR2, TLR4, and Dectin-1
pattern-recognition receptors as well as /IL/7 and IFNG in
peripheral blood mononuclear cells in response to Candida
albicans 3! Further studies are required to explore such
a seasonal host—pathogen response in MK.

Our analysis found Acanthamoeba sp. to be more
prevalent in corneal scrape samples obtained in winter
months. This is in contrast to previous reports of higher
incidence of Acanthamoeba keratitis in summer rather than
winter in other temperate regions, that is Portland, OR, USA,
and in Toronto, ON, Canada,??23 as well as increased
isolation of free-living Acanthamoeba both in surface water
and in domestic water tanks during summer months.3*3> One
possible reason for our observation of increased Acantha-
moeba cases, and in fact increased culture-positivity overall,
in winter may be that a higher proportion of patients had
travelled to warmer climates for vacation during winter and
returned to Manchester having contracted ocular infection in
another country. Other studies have shown that clinical
isolates of Acanthamoeba castellani grow optimally at cooler
temperatures (ie 32°C),3° rather than at the temperature of the
normal corneal surface (ie approximately 32°C-34°C),37-38
and that higher temperatures over 37°C induce cyst forma-
tion.>® Lower temperatures in winter may play a role in
cooling the corneal surface,3® thereby theoretically increasing
the risk of infection with Acanthamoeba sp. Overall, we
found that some organisms, for example Acanthamoeba,
Moraxella, and fungi showed an increase in numbers isolated
over the study period. Possible reasons for this may include
an increased referral of cases to our tertiary referral center
over time, increase in monthly disposable contact lens use in
patients in our region, or in fact a true increase in the inci-
dence of these pathogens as causes of keratitis over time.
Although we did not detect a direct increase in Acanthamoeba
keratitis or Fusarium keratitis in association with the global
outbreaks of these diseases due to contaminated contact lens
solutions, we and others have detected an increase in Acan-
thamoeba and fungal keratitis over time even following the
resolution of these outbreaks.40:4!

With regard to the strengths and limitations of this
study, a major strength is that through the use of such a large
dataset, we were able to take into account temporal trends
during the 12-year study period. This study was conducted in
a tertiary referral center, and so there is a possibility that
a greater proportion of cases may have been included with
more severe keratitis compared with other centers. As such,

Copyright © 2018 Wolters Kluwer Health, Inc. All rights reserved.

some patients may already have commenced antimicrobial
treatment, initiated elsewhere, prior to presentation. However,
we included in this study all corneal scrape specimens taken
during the study period, rather than limiting to contact lens-
related MK alone. Although we have focused on culture-
positive samples, corneal scrapes are not always taken for
every case of MK and as such we may have underestimated
the microbiological burden of disease in this retrospective
study. Our study was based in predominantly a large urban
area, and we have used monthly average temperatures from
the Met Office temperature measurement stations nearest to
Manchester Royal Eye Hospital. There is a possibility that
“urban microclimates” may exist within the city environment
in which buildings can absorb and reflect heat, thus increasing
temperatures and affecting local wind patterns, which may
have an impact on the microbiological profile within this
environment.*?> Some of the infections recorded in this study
may have been acquired during patients’ travel overseas and
so may not be affected by seasonal temperature fluctuations in
Manchester. Future studies could take patients’ travel history
into account to provide more information on the origin of any
organism cultured from corneal scrapes. In addition, further
research is required to associate other meteorological data,
such as rainfall and humidity, with seasonal peaks in
organisms cultured from keratitis samples in the UK. As
previous studies have shown, many pathogens that cause
keratitis have a predilection for specific environmental niches,
for example surface water in summer months for Pseudomo-
nas sp.; hence further research into environmental factors that
influence these pathogens may increase the understanding of
disease pathogenesis.

Since limited data exist on seasonal trends in MK
around the world, the data we have provided in this study aim
to allow a greater understanding of the effect of temperature
and season on the prevalence of causative organisms in MK
in the UK. This may aid clinicians in the future planning of
regional antimicrobial treatment strategies.
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