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Indoor Airborne Microbial Concentration and
Dry Eye
SARAH ROCK, ANAT GALOR, AND NARESH KUMAR
� PURPOSE: To examine associations between indoor
airborne microbial concentration and dry eye (DE)
measures.
� DESIGN: Prospective, observational, cross-sectional
study.
� METHODS: A total of 157 individuals with normal
external ocular anatomy were recruited from the Miami
Veterans Affairs eye clinic. Subjects underwent a clinical
evaluation that included assessment of DE symptoms and
signs. Indoor air was sampled using bioaerosol impactors
with nutrient and soy media, and samples were incubated
for 48 hours at 37 C with 5% CO2. Number of microbial
colonies (CFU) was recorded. Outcome measures were
DE symptoms and signs.
� RESULTS: A total of 157 unique subjects participated in
home and clinical visits and of these, 93 completed a 6-
month follow-up of home and clinical visits. Older homes
were found to have higher CFU compared to newer
homes. A 1% increase in humidity was associated with
a 3% increase in nutrient CFU (95% confidence interval
[CI] [ 0.01 to 0.04; P < .001). Instrumented CFU
significantly associated with 2 DE measures: corneal
epithelial disruption and lower eyelid meibomian gland
(MG) dropout, adjusted for age and sex (odds ratio
[OR] [ 28.07, 95% CI [1.8, 443.8, P < .05; OR [
39.6, CI [ 1.8, 875.2, P < .05 for soy, respectively).
After adjusting for other confounders, CFU and age
remained significantly associated with MG dropout.
Other DE measures did not significantly associate with
CFU.
� CONCLUSIONS: Individuals with higher CFU counts in
the home hadmore severeMG dropout, after adjusting for
age and other confounders. This finding suggests that
home CFU exposure may impact MG dropout, one of
the DE measures, and may be a target for
intervention. (Am J Ophthalmol 2021;223:193–204.
� 2020 Elsevier Inc. All rights reserved.)
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D
RY EYE (DE) IS ONE OF THE MOST FREQUENTLY

encountered ocular disorders in the United
States, with a 6.8% prevalence of diagnosed DE

among adults and a 25% frequency of symptom report by
patients visiting an eye clinic.1 The complexity of the dis-
order is highlighted by the most updated definition: ‘‘a
multifactorial disease of the ocular surface characterized
by a loss of homeostasis of the tear film, and accompanied
by ocular symptoms, in which tear film instability and
hyperosmolarity, ocular surface inflammation and damage,
and neurosensory abnormalities play etiological roles.’’2 DE
can be initiated by intrinsic and/or extrinsic factors
including older age, immunologic disorders, and environ-
mental exposures. With respect to the latter, research sug-
gests that exposure to particulate matter,3–5 ozone (O3),

6

and humidity5,6 plays a role in the development and persis-
tence of DE. While exposure to some bioaerosols, such as
outdoor pollens,7 has been associated with related disorders
like allergic conjunctivitis, exposure to indoor bioaerosols
has not been fully evaluated as a risk factor in DE symptoms
and signs.8

Bioaerosols are ubiquitous, airborne particles (0.001-
100 mm in diameter) of biological origin such as endo-
toxins, glucans, mycotoxins, allergens, bacteria, and fungal
and mold spores.9 Indoor and outdoor concentrations of
bioaerosols vary by environmental conditions, seasonality,
and human and animal activity. Generally, bioaerosol con-
centrations in indoor environments are lower than in out-
door environments, although the two are interrelated.10

There are currently no indoor, outdoor, or occupational
bioaerosol concentration standards in the United States,
likely owing to the lack of methodological and quantifica-
tion standards. While it is known that some exposure to
bioaerosols can be beneficial,11 their associations with the
adverse health effects have been widely reported, including
allergies, infections, and cancer. Of these, bioaerosol-
related respiratory symptoms and lung function impair-
ment are the most widely studied. For example, exposure
to endotoxins has been linked to airway inflammation
and decrease in lung function.12 Moreover, a dose-
response relationship has been reported with exposure to
beta-glucan and the development and persistence of
asthma in children.13

Many factors can affect the composition and counts of
bioaerosols, including environmental conditions, prox-
imity to machinery, living in dense urban areas, and house-
hold characteristics. Major household sources of
193LL RIGHTS RESERVED.

http://AJO.com
mailto:nkumar@miami.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ajo.2020.10.003&domain=pdf
https://doi.org/10.1016/j.ajo.2020.10.003


bioaerosols include domestic animals, plants, bedding or
soft furniture, and poorly maintained air-conditioning sys-
tems.14 Outdoor sources of bioaerosols include soil, plants,
and animals and, therefore, proximity to agricultural
sites.15 Industrial activities such as waste sorting,16 agricul-
ture,17 and composting18 are known occupational sources
of bacteria and have been negatively linked with respira-
tory and ophthalmic health. For example, in a 5-year lon-
gitudinal study, 218 compost workers from 41 facilities
were compared to 66 office workers in Germany. Compost
workers experienced a higher risk of chronic bronchitis
(relative risk ¼ 1.41; 95% confidence interval [95%
CI] ¼ 1.28-1.55) compared to office workers. Over the 5-
year observation period, compost workers also showed a
decrease in forced vital capacity (-5.6%, P < .05), while
the control group demonstrated a slight, yet insignificant
decrease in forced vital capacity.19 Occupational exposure
to cultivable microorganisms was reported for 6 of the in-
dustrial sites. However, because exposure was not reported
at the control site, nor do industry standards exist, these
data lack comparison.

While research linking bioaerosol exposure to DE is
limited, indirect evidence suggests an association. Studies
demonstrate that living in or commuting through metro-
politan areas, which generally have higher concentrations
of bioaerosols owing to human traffic and animal den-
sity,20,21 negatively impacts symptoms and signs of DE.22

In a case-control study in Delhi, India, DE measures were
compared across 2 groups: healthy volunteers who
commuted through the heavily polluted city (n ¼ 250)
and healthy volunteers who did not commute (n ¼
250).22 Commuters were found to have higher levels of
eye symptoms compared to noncommuters, including
redness (42% vs 20%) and irritation (50% vs 26%) (P <
.05 for both comparisons). DE signs were also different,
with lower Schirmer values (13 6 7 mm vs 16 6 6 mm,
P < .001) and faster tear break-up time (TBUT) (13 6 6
seconds vs 19 6 6 seconds, P < .001) in commuters vs
noncommuters. However, the clinical significance of the
latter differences is unclear, as the mean values are within
the normal range.22 One limitation of the study is that bio-
aerosols were not directly measured. Furthermore, other
factors, such as inorganic air particulates, are also found
in high concentrations in polluted cities and thus associa-
tions to any one exposure is can confound the effects of bio-
aerosols. In fact, exposure to ozone (O3) and particulate
matter less than 2.5mm in diameter (PM2.5) has been found
to correlate both with bioaerosol concentration23,24 and
DE.25 A study of 23,922 outpatients seen in ophthalmic
clinics across 32 cities in China reported higher frequency
of DE (self-reported) in cities with ‘‘extreme’’ levels (>75th
quantile) of O3 (odds ratio [OR]¼ 3.97; 95%CI 3.67, 4.29)
and PM2.5 (OR 2.01; 95% CI 1.79, 2.26), controlling for
relative humidity, air pressure, and air temperature.25 How-
ever, outcome data were limited by a self-diagnosis of DE
and outdoor environmental exposures were collected by
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extraction from 1 monitoring station in each city, which
did not capture individual-level indoor exposure. None of
the prior studies examined individual level bioaerosol
exposure indoors, where the average person spends 90%
of time.26 This paper examines associations between house-
hold indoor airborne microbial concentration and DEmea-
sures, considering other potential patient-related and
environmental confounders.
METHODS

� STUDY POPULATION: Patients were recruited from the
Miami Veterans Affairs (VA) eye clinic between October
2017 and October 2019. Upon enrollment, written
informed consent was obtained. Subjects who completed
participation in the study received $100 compensation
for time and travel. The study was approved by the Miami
VA Institutional Review Board and the University of
Miami (IRB approval #3011.05, and CR00012905, respec-
tively). The study was conducted in accordance to the prin-
ciples of the Declaration of Helsinki and complied with the
requirements of the United States Health Insurance Porta-
bility and Accountability Act.
Subjects were excluded from the study if they presented

with conditions or factors that could confound DE,
including contact lens wear, cataract surgery (within last
6 months), use of ocular medications (except for artificial
tears), an active external ocular process, or a history of
refractive, glaucoma, or retinal surgery. Exclusion criteria
also include prior diagnosis of human immunodeficiency
virus, sarcoidosis, Sjögren syndrome, and graft-vs-host dis-
ease or a collagen vascular disease. Eligibility criteria based
on home characteristics were living on or below the third
floor of a residential building (including single-story and
multi-story homes), having a central air conditioning sys-
tem in home, and having a permanent residence with no
plans to move in the next 6 months. All eligible patients
were offered participation regardless of DE symptoms, signs,
or past diagnosis.

� QUESTIONNAIRES: Patients were administered ques-
tionnaires to collect demographic and health data such as
age, sex, race, ethnicity, medication information, nutri-
tional supplements, medical history, and pain. Patients
also completed a series of validated questionnaires charac-
terizing DE symptoms, including the Dry Eye Question-
naire 5 (DEQ5)27 and Ocular Surface Disease Index.28

� OCULAR SURFACE EVALUATION: Each patient under-
went a clinical assessment at the Miami VA Eye Center
to examine overall ocular surface health. A series of exam-
inations were administered by a designated staff member in
the same room for each subject. The average temperature
and humidity in the room was 20.3 C to 21.1 C and 50%,
MARCH 2021OPHTHALMOLOGY



respectively. All tests were performed in the following or-
der: (1) tear osmolarity (TearLAB Osmolarity System;
TearLAB, San Diego, California, USA) (once in each
eye); (2) inflammation via InflammaDry (measure of matrix
metallopeptidase 9 [MMP-9] (Quidel, San Diego, Califor-
nia, USA) graded as absent or present (as an added [unva-
lidated] level of interpretation, we qualitatively graded the
intensity of the pink stripe on a scale of 0-3 [none, faint,
pink, fuchsia]); (3) tear evaporation via TBUT (5 mL fluo-
rescein instilled in the superior conjunctivae, seconds
measured by a stopwatch until the first black spot appeared
in the tear film, 3 measurements taken with 5-second blink
interval between measurements and averaged); (4) fluores-
cein corneal staining to assess corneal epithelial cell disrup-
tion (CED) (National Eye Institute scale, 5 areas of cornea
assessed; score 0-3 in each, total 15); (5) Schirmer score
with anesthesia measured as mm of wetting at 5 minutes;
(6) eyelid parameters including eyelid vascularity (0 ¼
none, 1 ¼ mild, 2 ¼ moderate, 3 ¼ severe), lower eyelid
meibomian gland (MG) dropout graded via theMeiboscale,
0-4, and meibum quality (0¼ clear liquid, 1¼white liquid,
2 ¼ granular, 3 ¼ toothpaste, 4 ¼ no visible meibum
extracted) expressed from the lower meibomian glands.29

This protocol was developed to balance a comprehensive
assessment of ocular surface status with patient comfort.
Schirmer test was repeated a second time during the
home visit following the same procedures. In the analysis,
data from the eye with the more abnormal value (higher
value for corneal staining, lower value for TBUT and
Schirmer) were used. All procedures are detailed in the
Supplemental Material (available at AJO.com), which in-
cludes the description of each procedure, the instrument
used, and data/measurement scale used for each test.

� ENVIRONMENTAL MEASURES COLLECTION AND
PROCESSING: Within 7 days of the clinic visit, indoor
environmental monitoring was conducted by the trained
research personnel (see Supplemental Material for details).
Air was sampled at a flow rate of 28.5 L/min, according to
standard methods, using single-stage Biostage samplers
with 400 0.25-mm holes (Standard Biostage single-stage
cascade impactor #225-9611) and 90 mm agar plates.
Two different samples were collected for 45 minutes
each, using agar plates with (1) nutrient media (bovine
serum used for bacteria) and (2) soy media (trypticase soy
agar used for fungi and mold). Impactor was positioned in
the living room of the home, within 4 feet of the home’s
air conditioning (AC) closet or 8 feet of an AC vent while
the AC or AC fan was running for the representative air in-
side the home. Following collection, samples were incu-
bated for 48 hours at 37 C with 5% CO2. Petri dishes
were removed from the incubator and microbial colonies
were counted by a trained team member following a stan-
dard operating procedure our team has developed in hyper-
text preprocessor (PHP) programming langugage. Each
dish was placed on a 32-box grid (Figure 1). Random
VOL. 223 MICROBIAL EXPOSUR
numbers were generated by our online data capturing sys-
tem using the rand function in PHP between 1 and 32
(Supplemental Figure S1, available at AJO.com). Numbers
of colonies in all randomly selected boxes were manually
counted. These values were summed and multiplied by 4
to calculate the total number of microbial communities,
or colony-forming units (CFU). These data and images of
each dish were uploaded online in our secure database. Im-
ages and their counts were then verified by another staff
member. Results were recorded in CFU (nutrient CFU
for CFU on nutrient media, and soy CFU for CFU on the
soy media from here to after).
Data on indoor temperature (degrees Celsius), relative

humidity (%), total suspended particles count (TSP), and
particulate matter <2.5 mm diameter (PM2.5) and
<10 mm in diameter (PM10) were collected using MetOne
Aerocet 531, a handheld particle counter (Met One Instru-
ments Inc., Grants Pass, Oregon, USA). Aerocet was
deployed for 1.5 hours total, capturing both the mass and
count of particles.30 Temperature and relative humidity
were also recorded by PRECISE, a portable hand-held in-
strument developed by our team, and a hand-held monitor
(CVS Health Humidity Monitor, Item # 521064). Data on
home characteristics, such as floor type, year built, number
and type of indoor plants, and number and type of pets were
also collected during this visit.

� STATISTICAL ANALYSIS: Descriptive analysis was first
conducted to describe patient demographics, medication
use, comorbidities, and DE and environmental measures.
Certain environmentalmeasures including number ofmicro-
bial communities (soy and nutrient), PM2.5, and PM10 were
log-transformed to adjust for left skew. Plates with CFU
>350 were considered outliers and excluded from analysis
(n ¼ 2). Missing values for indoor temperature and indoor
relative humidity (collected via Aerocet) were replaced
with measures taken by other devices: PRECISE or hand-
heldmonitor.Weused standards from theUSCenters of Dis-
easeControl31 as reference to categorize elevated relative hu-
midity and temperature. We next examined which home
factors impacted the number of microbial communities (eg,
year built, humidity, temperature, pets, and floor type).
Our main analysis focused on associations between in-

door microbial communities and DE symptoms and signs
using multivariate linear and logistic regressions (depend-
ing on the data scale of each variable). Outcome variables
found to be significant in correlation analyses were selected
for the final analyses. Outcome variables were categorized
as 0 or 1, based on clinical cutoffs, with 1 being present
and 0 being absent. CED was categorized as present if score
>_ 2 and MG dropout was categorized as present if score >_ 1.
Covariates were selected a priori, based on previous
research.32 Model 1 included covariates age and sex while
model 2 additionally adjusted for TSP at loge scale, smoke
exposure (0 ¼ no, 1 ¼ yes), allergy status (0 ¼ none, 1 ¼
yes), fish oil supplement, pets and plants in home, and visit
195E AND DRY EYE
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FIGURE 1. Example blank, nutrient, and soy agar petri dishes with low and high concentration of microbial communities. A. Field
blank nutrient agar petri dish. B. Nutrient agar petri dish after 48 hours of incubation with moderate concentration. C. Soy agar petri
dish with very high concentration. D. Nutrient agar petri dish with medium-high concentration.
number (visit 1 or visit 2). Next, we evaluated associations
between CFU and measures of DE severity using ordinal lo-
gistic regression analyses (with outcome variables treated as
ordinal scales). All analyses were conducted in STATA IC
16.1 (StataCorp, College Station, Texas, USA).
RESULTS

� STUDY POPULATION AND ENVIRONMENTAL VARI-
ABLES: A total of 157 unique subjects participated in clin-
ical and home monitoring visits and of these, 93 patients
completed 6-month follow-up visits. Most subjects were
male (86.6%) with a mean age of 59.9 years (standard de-
viation [SD] ¼ 11.4 years) (Table 1). Approximately
53.5% were white and most reported being either current
or past smokers (31.2% and 55.5%, respectively). Common
comorbidities included history of depression (66%), osteo-
arthritis (55%), and hypertension (56%). DE symptoms in
the population were in the moderate range27 with a mean
DEQ5 score of 10.8 6 5.3 (Table 1).
196 AMERICAN JOURNAL OF
The average temperature inside the home was 23.9 C
(SD ¼ 2.2 C) and the average relative humidity was
51.3% (SD ¼ 5.5%) (Table 2). We observed a significant
difference in the mean number of microbial communities
on plates with soy and nutrient media (85.9 on soy vs
67.3 on nutrient, difference ~16.3, P < .01) (Table 2).
Home age and humidity were associated with the CFU,
especially on the nutrient media (Figure 2). Homes built
before 1970 also showed significantly elevated concentra-
tion of microbial communities (nutrient CFU: mean ¼
75.8, SD ¼ 5.5; soy CFU: mean ¼ 87.4, SD ¼ 9.0)
compared to newer homes (nutrient CFU: mean ¼ 52.3,
SD ¼ 4.9; P < .01; soy CFU: mean ¼ 64.7, SD ¼ 5.8; P
< .001). With a year increase in home/building construc-
tion year was associated with a 1% decrease in nutrient
CFU (coefficient ~-0.01; 95 % CI ¼ -0.01 to 0.00; P <
.001), meaning newer homes have low concentrations of
CFU. A 1% increase in relative humidity was associated
with 3% increase in CFU (coefficient ~0.03; 95% CI ¼
0.01 to 0.04; P < .01) (model 3 in Table 3). Home con-
struction year, humidity, and temperature explained 15%
of the total variance in nutrient CFU.
MARCH 2021OPHTHALMOLOGY



TABLE 1. Demographic and Clinical Characteristics, Unique
number of subjects ¼ 157

Variable N %

Unique subjects 157 100

Subjects with 2 clinic examinations and

home visits

93 59.2

Demographics (unique subjects at the time

of first visit)

Mean age (years) 6 SD 59.9 6 11.4

Sex, male 136 86.6

Race, white 84 53.5

Ethnicity, Hispanic 50 31.8

Smoking

Past 87 55.4

Current 49 31.2

Comorbidities (at the time each clinical visit)

Depression 175 66.0

Osteoarthritis 144 54.6

Hypercholesteremia 120 45.5

Hypertension 148 55.9

Diabetes mellitus 86 33.2

Sleep apnea 91 34.6

Post-traumatic stress disorder 50 21.9

Hepatitis C 39 14.7

Traumatic brain injury 4 1.5

Medications (at the time each clinical visit)

Analgesics 154 58.1

Antianxiety 131 49.4

Antidepressant 133 50.2

Cholesterol-lowering agent 122 46.0

Nonsteroidal anti-inflammatory agent 47 17.7

Dry eye symptoms at the time of each

clinical visit

DEQ5 (0-22, <6 normal) 10.8 6 5.3

OSDI (0-100, <12 normal) 33.5 6 24.6

Intensity of ocular pain, average over

1 week (0-10)

3.0 6 2.6

Total NSPI (0-100) 26.0 6 20.5

Dry eye signs (at the time each clinical visit)

Osmolarity (mOsm/L) 313.1 6 18.7

Inflammationþ, n (%) 66 (26.4)

Tear break-up time (seconds) 8.1 6 5.0

Corneal epithelial disruption (0-15) 1.8 6 2.8

Schirmer score (mmwetting at 5 minutes) 16.5 6 9.3

Eyelid vascularity (0-3) 0.7 6 1.0

Meibomian gland dropout (0-4) 1.7 6 1.2

Meibum quality (0-4) 1.5 6 1.2

DEQ5 ¼ Dry Eye Questionnaire 5; NSPI ¼ Neuropathic Pain

Symptom Inventory; OSDI ¼ Ocular Surface Disease Index.

TABLE 2. Indoor Environment Conditions and Home
Characteristics

Variable N Mean SD Min Max

CFU (soy) 200 85.9 90.2 0 932

CFU (nut) 202 67.3 51.7 0 288

Temperature (F) 240 23.9 2.2 18.4 29.7

Relative humidity (%) 215 51.3 8.5 34.0 77.8

PM2.5 239 4.0 9.2 0 63.7

PM10 239 11.4 14.4 0 84.3

Total suspended particles 239 18.1 19.4 0 98.7

Year built 172 1975.8 22.9 1920 2018

Square footage 162 1660.6 1105.3 150 7500

CFU ¼ colony-forming units, PM2.5 ¼ particulate matter

<_2.5 mm, PM10 ¼ particulate matter <_10 mm.
Numbers of microbial communities on soy and nutrient
agar were significantly correlated (r ¼ 0.48, P < .001) and
thus analyzed independently in regression analyses. TSP
was found to be highly correlated with PM2.5 (0.69, P <
.001) and PM10 (0.83, P < .001). Therefore, TSP served
as a proxy for PM. We found that indoor relative humidity
was inversely correlated with DE symptoms (DEQ5) and
VOL. 223 MICROBIAL EXPOSUR
signs (tear osmolarity, meibum quality) and positively
correlated with ocular surface inflammation. Indoor tem-
perature was positively correlated only with osmolarity.
Since humidity and temperature were correlated with mi-
crobial concentration (although not significant), CFU
was instrumented on the interaction of indoor humidity
and temperature (for both soy and nutrient) in the final
analyses.

� REGRESSION ANALYSIS: Multivariate regressions
showed significant associations between indoor nutrient
and soy CFU (instrumented on temperature and humidity)
with 2 DE measures, namely CED and MG dropout. In
model 1, nutrient CFU (log-transformed) was a significant
predictor of CED (OR: 17.3, 95% CI ¼ 1.63, 183.0) and
MG dropout (OR ¼ 23.1, 95% CI ¼ 1.6, 327.0) adjusting
for sex and age (Table 4). Age also showed a significant as-
sociation with both CED and MG dropout.
However, CED did not show a significant association

with nutrient CFU when adjusted for additional con-
founders, including age and pet(s) in home (Table 4).
Among all covariates included in the analysis (model 2,
Table 4), only pet(s) in home showed a significant associa-
tion with CED. Subjects without a pet(s) in their home
were 2.5 times more likely to have positive detection of
CED as compared to those with a pet.
However, the odds of MG dropout increased to 36.6 with

a unit increase in nutrient CFU when adjusted for all con-
founders (OR ¼ 36.6, 95% CI ¼ 1.15 to 1,163.7; P < .05),
including age, fish supplement, and pets. Age showed a sig-
nificant association with MG dropout, suggesting every
year increase in age was associated with a 5% increase in
the risk of MG dropout. Sex also showed a marginal associ-
ation with MG dropout, suggesting female subjects were
less likely to have MG dropout as compared to male. Soy
CFU was similarly associated with both CED and MG
dropout (model 1: OR ¼ 28.7, 95% CI ¼ 1.8, 443.8 and
197E AND DRY EYE



FIGURE 2. Number of colonies (log) by year built and % humidity: A. Concentration on soy media. B. Concentration on nutrient
media.

TABLE 3. Regression of Microbial Communities (Nutrient Media and Selected Home Environmental Conditions)

Covariates Model 1 Model 2 Model 3 Model 4

Year home was built (YYYY) -0.01*** -0.01*** -0.01*** -0.01***

(-0.01 to -0.00) (-0.02 to -0.00) (-0.02 to -0.00) (-0.02 to -0.01)

Indoor humidity (%) 0.02*** 0.03*** 0.03***

(0.01 to 0.04) (0.01 to 0.04) (0.01 to 0.04)

Indoor temperature (C) 0.04 0.04

(-0.03 to 0.11) (-0.04 to 0.12)

Pet(s) in home (0 ¼ no, 1 ¼ yes) 0.11

(-0.24 to 0.46)

Plant(s) in home (0 ¼ no, 1 ¼ yes) -0.04

(-0.40 to 0.32)

Floor type (0 ¼ tile/concrete, 1 ¼ other) 0.14

(-0.22 to 0.50)

Constant 19.89*** 23.72*** 22.07*** 24.46***

(7.83-31.94) (11.92-35.51) (10.29-33.85) (11.97 to 36.95)

Observations 135 113 112 109

R-squared 0.05 0.15 0.15 0.17

Robust confidence interval in parentheses; ***P < .01, **P < .05, *P < .1.
OR ¼ 39.6, 95% CI ¼ 1.8, 875.2, respectively) (Table 5).
Like for nutrient CFU, it did not show a significant associ-
ation with CED and its association with MG dropout
increased significantly when adjusted for all confounders
(model 2, Table 5). Besides CED and MG dropout, we
did not find other DE signs or symptoms to be significantly
associated with nutrient or soy CFUs.

In the ordered logistic regression, outcome variables
were on an ordinal scale. The maximum score for corneal
staining in this population was 11. All values >_7 were
combined as category 7 (n ¼ 13). MG dropout was scored
0-4 in clinic, with a score of 4 indicating highest level of
dropout. These categories were maintained in this anal-
ysis. Our results show that number of CFU showed signif-
198 AMERICAN JOURNAL OF
icant associations with both CED and MG dropout in
ordered logistic regression (Table 6). A 1-unit increase
in log(# colonies) soy and nutrient CFU was associated
with increase in odds of higher MG dropout (nutrient
CFU: OR ¼ 85.0, 95% CI ¼ 4.0 to 1821.0, P < .01;
soy CFU: OR ¼ 44.6, 95% CI ¼ 3.3, 611.0). However,
CFU did not show a significant association with CED.
The severity (measured by their respective scales) of
both CED and MG dropout were associated with age.
A year increase in age was associated with 3% and 6%
higher likelihood of CED and MG dropout severity,
respectively (for CED: OR ¼ 1.03, 95% CI ¼ 1.00-
1.05, P < .05; for MG dropout: OR ¼ 1.06; 95% CI ¼
1.03-1.09; P < .01; Table 6).
MARCH 2021OPHTHALMOLOGY



TABLE 4. Multivariate Linear Regression of Indoor Microbial Communities (Nutrient Media) and Selected Dry Eye Signs, Odds Ratio
(95% Confidence Interval)

Variables

Corneal Epithelial Disruption Meibomian Gland Dropout

Model 1 Model 2 Model 1 Model 2

loge(# colonies) 17.29** 9.61 23.18** 36.56**

(1.63-183.02) (0.49-189.88) (1.64-327.01) (1.15-1,163.72)

Age (y) 1.04*** 1.03 1.05*** 1.05**

(1.01–1.07) (0.99-1.06) (1.02-1.08) (1.01-1.08)

Sex (1 ¼ male; 2 ¼ female) 1.18 1.17 0.47* 0.39*

(0.54-2.55) (0.44-3.10) (0.20-1.09) (0.15-1.05)

loge(TSP) 1.05 1.22

(0.73-1.51) (0.81-1.85)

Smoke exposure (0 ¼ no, 1 ¼ yes) 0.87 1.03

(0.43-1.76) (0.45-2.36)

Allergy status (0 ¼ no, 1 ¼ yes) 0.62 1.23

(0.30-1.30) (0.50-3.06)

Fish oil supplement (0 ¼ no, 1 ¼ yes) 2.89 0.83

(0.66-12.75) (0.19-3.71)

Race (1 ¼ white, 0 ¼ otherwise) 0.98 1.24

(0.38-2.48) (0.46-3.33)

Ethnicity (1 ¼ Hispanic, 0 ¼ otherwise) 1.16 0.83

(0.39-3.48) (0.28-2.49)

Pet(s) in home (0 ¼ no, 1 ¼ yes) 2.50** 1.47

(1.14-5.48) (0.67-3.22)

Observations 214 162 212 161

TSP ¼ total suspended particles.

***P < .01, **P < .05, *P < .1.

Model 1 adjusts for age and sex; model 2 adjusts for age, sex, log(TSP), smoke exposure, allergy status, and number of observations.
DISCUSSION

IN THIS STUDY,WE FOUNDNOVEL RELATIONSHIPS BETWEEN

microbial counts in the home (quantified via soy and
nutrient CFU instrumented on humidity and temperature)
and 2 signs of DE, namely CED and MG dropout. The as-
sociation between microbial counts and MG dropout was
particularly robust, and remained significant with both
soy and nutrient CFU when examined at binary or ordinal
scales in models that adjusted for demographics, particulate
matter, smoke exposure, allergy status, fish oil supplement,
pets in home, and visit number. Further information
gleaned from our study is that there is a wide range of mi-
crobial indoor environments in Miami homes, and that
several factors including home age and humidity impact
the indoor microbial concentration. Furthermore, we repli-
cated the observations of a number of studies by demon-
strating that DE measures (both CED and MG dropout)
increased in severity with increasing age.8,33 Being that
the average age of the study population is 59 years, this is
an important consideration when interpreting results of
this study. However, even when adjusting for age, both
nutrient and soy CFU showed significant association with
MG dropout, suggesting elevated concentration of CFU
VOL. 223 MICROBIAL EXPOSUR
can exacerbate MG dysfunction even in an older
population.
The direct comparison of our findings with the litera-

ture was not possible because indoor microbial exposure
and DE measures are largely unexplored owing to lack
of indoor monitoring. Much of the prior work has
focused on outdoor6 or occupational19 bioaerosol expo-
sures, while indoor studies focused on eye symptoms in
office or hospital settings, but did not directly measure
bioaerosol concentration in the residential setting.34,35

For example, in a study of 7,441 office workers from
167 buildings across 8 European countries, 91.2% of
the 2,530 reporting eye dryness while working at the of-
fice reported improvements in symptoms on days away
from the office.35 This study also examined relationships
between office exposures and DE symptoms reporting an
increased risk for proximity (<100 m) to potential sour-
ces of outdoor air pollution (OR ¼ 1.41, 95% CI ¼ 1.06,
1.88), absence of operable windows (OR ¼ 1.70, 95%
CI ¼ 1.34, 2.16), and exposed concrete and/or plaster
(OR: 1.29, 95% CI ¼ 1.02, 1.62), and a negative associ-
ation for cleaning (once per week) (OR: 0.75, 95% CI:
0.61, 0.91); however, indoor bioaerosol concentration
was not specifically tested.35
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TABLE 5.Multivariate Linear Regression of Indoor Microbial Communities (Soy Media) and Selected Dry Eye Signs, Odds Ratio (95%
Confidence Interval)

Variables

Corneal Epithelial Disruption Meibomian Gland Dropout

Model 1 Model 2 Model 1 Model 2

loge(# colonies) 28.07** 14.12 39.55** 67.42**

(1.78-443.79) (0.43-463.29) (1.79-875.15) (1.18-3,864.59)

Age (y) 1.04*** 1.03 1.05*** 1.05**

(1.01-1.07) (0.99-1.06) (1.02-1.08) (1.01-1.08)

Sex (1 ¼ male; 2 ¼ female) 1.18 1.17 0.47* 0.39*

(0.54-2.55) (0.44-3.10) (0.20-1.09) (0.15-1.05)

loge(TSP) 1.05 1.22

(0.73-1.51) (0.81-1.85)

Smoke exposure (0 ¼no, 1 ¼ yes) 0.87 1.03

(0.43-1.76) (0.45-2.36)

Allergy status (0 ¼ no, 1 ¼ yes) 0.62 1.23

(0.30-1.30) (0.50-3.06)

Fish oil supplement (0 ¼ no, 1 ¼ yes) 2.89 0.83

(0.66-12.75) (0.19-3.71)

Race (1 ¼ white, 0 ¼ otherwise) 0.98 1.24

(0.38-2.48) (0.46-3.33)

Ethnicity (1 ¼ Hispanic, 0 ¼ otherwise) 1.16 0.83

(0.39-3.48) (0.28-2.49)

Pet(s) in home (0 ¼ no, 1 ¼ yes) 2.50** 1.47

(1.14-5.48) (0.67-3.22)

Observations 214 162 212 161

TSP ¼ total suspended particles.

***P < .01, **P < .05, *P < .1.

Model 1 adjusts for age and sex; model 2 adjusts for age, sex, log(total suspended particles), smoke exposure, allergy status, and number of

observations.
Other studies have evaluated associations between
conjunctival microbial load and DE symptoms and
signs.34,36 In 1 study of 66 patients with DE (1 DE symptom
experienced ‘‘often’’ or ‘‘constantly’’ from the McMonnies
Survey, TBUT <10 seconds, staining >3 using the Oxford
scale) and 18 controls, swabs were taken from the inferior
conjunctival fornix and the lid margin. This study found
higher total CFU (sumCFU on horse blood agar, chocolate
agar, MacConkey, and anaerobic agar) in individuals with
DE compared to controls (mean6 SD¼ 1066 82 vs 126
18, P < .0001).36 This study further sub-grouped DE into
individuals with and without MG dysfunction (eyelid
thickening, irregularity, telangiectasia, MG loss, capping,
or abnormal meibum quality) (n ¼ 15 and n ¼ 51, respec-
tively) and interestingly, also found higher CFU in the DE
group with MG dysfunction compared to non-DE controls
(mean 6 SD ¼ 95 6 66, P ¼ .0002 vs 12 6 18, P <
.0001).36

While there is a paucity of research on the association
between airborne exposure to microorganisms and DE,
studies of related outcomes such as respiratory illness and
‘‘sick building syndrome’’ (SBS) may provide evidence to
support our findings. SBS can be described as ‘‘a group of
symptoms of unclear etiology which commonly include
200 AMERICAN JOURNAL OF
the itchy or watery eyes, blocked or stuffed nose, dry throat,
dry skin, and general symptoms of headache and leth-
argy.’’37 SBS is largely observed in the office environment,
where people report improvement of symptoms within
hours of leaving the building.38 However, similar observa-
tions have also been reported in schools,39,40 hospitals,41,42

and home environments.40,43 In indoor settings, SBS has
been associated with the indoor environment conditions,
such as high humidity and water damage,44 which are
optimal growth conditions for microorganisms.45 Likewise,
elevated levels of microorganisms have also been correlated
with symptoms of SBS.46,47 In 1 study of 48 schools in the
United States, building indoor air, outdoor air, and indoor
surface samples were analyzed for fungal concentration and
species. Staff at each school self-reported symptoms of SBS
via questionnaire. Based on responses from the question-
naire, certain rooms were categorized as complaint areas
(if there was a complaint from a staff member primarily
working at this location) and noncomplaint areas (if no
complaints from a staff member at this location). From
the 622 staff member responses, complaints of nasal
congestion (incidence per 100 employees, 95% CI: 19.8
6 1.3) and itchy or watery eyes (incidence per 100 em-
ployees, 95% CI: 14.3 6 1.1) were the most frequently
MARCH 2021OPHTHALMOLOGY



TABLE 6.Ordered Logistic Regression of IndoorMicrobial Communities on Soy andNutrientMedia and Selected Dry Eye Signs, Odds
Ratio (95% Confidence Interval)

Variables

Nutrient Media Soy Media

Corneal Staining Meibomian Gland Dropout Corneal Staining Meibomian Gland Dropout

loge(# colonies) 5.56 85.03*** 4.34 44.59***

(0.33-92.65) (3.97-1,821.96) (0.39-47.98) (3.25-611.98)

Age (y) 1.03** 1.06*** 1.03** 1.06***

(1.00-1.05) (1.03-1.09) (1.00-1.05) (1.03-1.09)

Sex (1 ¼ male; 2 ¼ female) 0.88 0.39*** 0.88 0.39***

(0.39-2.00) (0.19-0.77) (0.39-2.00) (0.19-0.77)

loge(TSP) 1.1 1.18 1.1 1.18

(0.80-1.49) (0.88-1.59) (0.80-1.49) (0.88-1.59)

Smoke exposure (0 ¼ no, 1 ¼ yes) 0.88 1.31 0.88 1.31

(0.48-1.62) (0.71-2.41) (0.48-1.62) (0.71-2.41)

Allergy status (0 ¼ no, 1 ¼ yes) 0.79 0.72 0.79 0.72

(0.40-1.55) (0.39-1.35) (0.40-1.55) (0.39-1.35)

Fish oil supplement (0 ¼ no, 1 ¼ yes) 1.9 0.96 1.9 0.96

(0.81-4.46) (0.30-3.03) (0.81-4.46) (0.30-3.03)

Race (1 ¼ white, 0 ¼ otherwise) 1.13 1.74 1.13 1.74

(0.50-2.56) (0.85-3.54) (0.50-2.56) (0.85-3.54)

Ethnicity (1 ¼ Hispanic, 0 ¼ otherwise) 0.87 1.08 0.87 1.08

(0.37-2.06) (0.55-2.14) (0.37-2.06) (0.55-2.14)

Pet(s) in home (0 ¼ no, 1 ¼ yes) 2.46*** 1.36 2.46*** 1.36

(1.26-4.81) (0.73-2.54) (1.26-4.81) (0.73-2.54)

Observations 162 161 162 161

TSP ¼ total suspended particles.

***P < .01, **P < .05, *P < .1.
reported. At 20 schools, there were significantly higher
CFU of propagules of Penicillium species in the air samples
from complaint areas compared with noncomplaint areas
(P < .0001).47 Similar results have been found in studies
examining symptoms of SBS and indoor bacteria46 and
mold.48 Thus, it is hypothesized that increased airborne mi-
crobial concentrations, including bacteria and fungi, as
well as highly allergenic endotoxins and mold, are a
contributing factor in SBS. The many parallels between
symptoms of DE and SBS, including irritation, dryness, or
wateriness of the eyes,37 may substantiate our results.

Considering associations between microbial counts
and MG dropout, lipolytic enzymes and polar lipids
secreted by bacteria are among the factors that influence
meibum composition.49,50 In turn, altered meibum with
decreased fluidity and increased viscosity can enhance
microbial growth,51,52 perhaps setting up a vicious cycle
that underlies our noted observations. In addition, the
introduction of bacterial enzymes can generate free fatty
acids that can lead to inflammation.53 However, our
cross-sectional design cannot substantiate directionality,
nor can we identify species of microorganisms, as our
study did not sequence the culture. Thus, it is not clear
if exposure to microorganisms precludes ocular surface
abnormalities or if microorganisms exacerbate an already
VOL. 223 MICROBIAL EXPOSUR
compromised surface. It is interesting that despite our
hypothesis, we did not observe associations between
ocular surface inflammation (via InflammaDry) and mi-
crobial counts. However, we did not measure tear cyto-
kines and thus cannot discount the possibility of the
relationships between other inflammatory mediators and
microbial counts.
As with all studies, our results must be considered in light

of their limitations. While our environmental monitoring
captured data on number of microbial communities, partic-
ulate matter, temperature, and relative humidity, we do not
have data on other exposures such as ozone or nitrogen di-
oxide, which have been previously associated with DE.23

Furthermore, our analysis of bioaerosols is limited to quan-
tification of CFU, and we do not have data on species of mi-
croorganisms, which may unveil the importance of
commensal and pathogenic bacteria. However, it is impor-
tant to note that cultures that preferentially grow bacteria
(nutrient) and fungus (soy)54 both demonstrated associa-
tions with MG dropout when adjusted for potential con-
founders. Another limitation is the inclusion of patients
who used artificial tears (Natural Balance Tears [dextran
70/hypromellose] or preservative-free Refresh [carboxy-
methylcellulose 0.5%]) prescribed by our clinic. Thus,
this factor may present a possible bias in our findings.
201E AND DRY EYE



Furthermore, we assessed MG dropout in the lower eyelid.
However, the literature suggests that there may be differ-
ences between lower and upper MG status.55 Nonetheless,
others document lower lid MG drop with different condi-
tions, including severity of keratitis sicca and chronic
blepharitis.56,57 In addition, we excluded individuals with
a known diagnosis of autoimmune disease but did not
conduct laboratory screening for this potential confounder
in the present study. Finally, the study is limited by speci-
ficity of the study population and geographic location.
Miami is a subtropical environment with relatively
higher-than-average temperature and humidity compared
to the rest of the country. The focus of our study on US vet-
erans, who have higher-than-normal comorbidities as well
as distinct home characteristics, constrains the scope of
generalizability of our results. Future studies will need to
202 AMERICAN JOURNAL OF
address these gaps and focus on whether reducing indoor
microbial concentration will have a beneficial effect on
MG dysfunction.
Despite these limitations, this study yields a novel rela-

tionship between indoor microbial concentration and
MG dropout of the lower eyelid. The breadth of previous
research including occupational exposure, indoor sources,
association to human diseases, and notable parallels be-
tween SBS and DE warrants the need to further explore
bioaerosol exposure indoors, where the average American
spends 90% of time.26 This study provides a key indication
of how the indoor environment conditions, namely build-
ing age and humidity, affect indoor microbial concentra-
tions. Thus, improving such conditions may mitigate
microbial concentration and hence its associated MG
disorders.
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