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A B S T R A C T   

Irritated, stinging, tired, and dry eyes continue to be among top-two reported acute symptoms in modern office- 
like environments, despite use of new ventilation strategies and low-emitting building materials. In this 
perspective, we disentangle why the prevalence of external eye symptoms has remained stable without a 
noticeable decline over the last decades. Furthermore, we explore the association between dry eye symptoms, 
perceived dry air and deteriorated office work performance. 

The overall prevalence of external (as opposed to internal) eye symptoms is caused by a combination of many 
environmental (climatic), occupational, and personal risk factors, which alter the stability of the precorneal tear 
film, essential for ocular surface health and ocular comfort. The composition and structure of the outer lipid layer 
of the precorneal tear film is critical for a healthy stable ocular surface. Identified major risk factors are apart 
from age and gender, eye diseases (gland dysfunctions), particle (combustion) exposure, environmental (e.g. 
climatic condition), occupational (visual demanding work) and personal (e.g. use of medication) conditions that 
aggravate the precorneal tear film stability, which increases its vulnerability to aggressive air pollutants. It is, 
however, salient to recognize that (mild) eye diseases (generally non-diagnosed) contribute and may further 
overlap with both external and internal eye causalities. Thus, maintenance of a healthy and stable ocular surface 
is essential for relief of dry eye symptoms. 

Studies indicate that perceived indoor dry air, a top-two indoor air quality complaint, in part induced by low 
indoor air humidity, negatively affects the office work performance. Visual complaints like dry eyes are generally 
associated with eye fatigue as office workers, that feel eye fatigue during typical intensive vision work, self-report 
lower work performance to be associated with dry eye symptoms; this may further exacerbate the symptoms and 
the performance among office workers with eye diseases and elderly female workers.   

1. Introduction 

Irritated, stinging, tired (ocular fatigue), and Dry Eyes (DE) continue 
to be among top-two reported acute Symptoms (DES) in office envi-
ronments [1–5] and in aircraft cabins [6,7]. Chronic DE are likewise 
supported by clinical findings, and they remain the most common 
complaint and reason patients seek the eye clinic [8,9]. Further, DE 
Disease (DED) is the most common cause of chronic eye irritation in 
patients over the age of 50 [10,11]. This also includes ocular allergy, and 
people with allergic rhinitis are likely to suffer from allergic conjuncti-
vitis, which might be underreported [12]. The increasing age of the 
office working force inevitably increases the Video Display Unit (VDU) 
work-associated DES. 

In the process of disentangling the causes of DES and in view of the 
stable prevalence [13], it is essential to distinguish between acute 

reported DES that occur daily or weekly in the office and diminish 
outside the workplace as opposed to diagnosed DED experienced as 
chronic. The causality of DES may be transient with borderline cases 
between mild or unrecognized DED and chronic DED, and where 
workplace conditions, e.g. VDU work and microclimate, promote or 
exacerbate DES. This diffuses the clinical picture by the relatively short 
period of office-related DES versus genuine DED. Another important 
issue is the distinction between external versus internal eye derived 
symptoms. External symptoms, as opposed to internal symptoms like 
visually strained eyes (asthenopia), are categorized as dry eye-like 
symptoms [14]. 

Dry eye symptoms and DED influence ocular comfort, health, and 
quality of life [15–18]. Further, the symptoms, visual disturbances, and 
quality of life can deteriorate work performance or work disruption, 
which may occur by a high DES prevalence [19–24]. Vigilance and 
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visual acuity-control may also decline, e.g. Refs. [16,25]. Apart from the 
negative psychological impact caused by DES and DED, the overall cost 
is a substantial economic burden due to medical treatment and lost 
worker performance, e.g. Refs. [20,26]. 

The persistent high prevalence of DES (e.g. Ref. [13]) remains a 
puzzle in view of modern office technology with new ventilation stra-
tegies and an increase in use of low-emitting building materials and 
products. This prompts the question how important is indoor (outdoor) 
air pollution causing DES? – or should the occupational hygienist and 
occupational physician search for other perhaps more relevant risk 
factors, of which some might interplay and sometimes overlap each 
other. Thus, the aim of this perspective is extraction of recent salient 
findings that appear essential to improve our understanding of acute 
DES in office-like environments. This was carried out by integration of 
the data about mechanistic and pathophysiologic causes of external DES 
and identification of new methods to alleviate the symptoms, which are 
relevant for the indoor air science community; furthermore, to assess the 
possible influence of DES/DED on office work performance. 

2. Method 

Recent literature from late 2015 up to October 2019 has been 
updated in the context of external DES reporting in office-like environ-
ments by searches in the databases PubMed and Google Scholar, and 
with back-up from previous reviews, e.g. Refs. [27–31]. The focus in this 
perspective is symptoms in the external eye like “dry eyes” as opposed to 
internal symptoms like “visual strain or eye strain” (asthenopia), inter 
alia caused by refractive disorders and prolonged muscle strain, e.g. 
Ref. [14]. 

It is relevant to notice that some overlap of eye symptoms may occur. 
Thus, other often reported symptoms related to “dry eyes” are “irri-
tated”, “burning”, and “itching”, while “ocular discomfort”, in general, 
may include internal and external eye symptoms with different and or 
exacerbated causalities, e.g. Ref. [32]. For instance, “tired eyes or eye 
fatigue” could have both external and internal causation. 

The exclusion criteria for this perspective were ergonomics, lighting 
(glare, reflection, etc), industrial and microbiological exposure and 
associated inflammatory reactions and associated eye diseases, e.g. 
allergic and bacterial conjunctivitis. Further exclusions are extreme high 
humidity, use of contact lenses, and medication treatment of DED. The 
impact of mold exposure was also excluded from this perspective, and 
readers are recommended to consult Hurraβ et al. [33]. 

The reader is recommended to consult Fig. 1 in Ref. [31] for 
comprehension of the Precorneal Tear Film (PFT) and its structural 
features and composition. 

3. Results and discussion 

3.1. What are irritated and dry eye symptoms in offices versus dry eye 
disease 

There are many different DES [15], but eye (ocular) fatigue or eye 
tiredness is a top-two symptom among DED patients [34], while eye 
fatigue and eye irritation belong to top-three reported symptoms among 
office workers based on questionnaire studies, e.g. Refs. [1,2]. 

Reported DES are considered acute in part by stimulation of Trige-
minus (5th cranial nerve) [35] and generally decline and disappear after 
end of work or weekend in office workers without DED. Many de-
scriptors characterize DES, like Ocular Surface (OS) discomfort to dry-
ness, soreness, burning, gritty, and itching in the eyes of which some 
may perceptually overlap from the same or different pathogeneses. For 
instance, sustained Break-Up (BU) of the PTF was associated with OS 
discomfort and repeated BUs led to a gradual increase in discomfort and 
irritation, which persisted even after restoration of normal blinking 
frequency (BF) [36]. This agrees with the observation that after a certain 
point, the pain sensation shows a steep increase [37]. These 

observations, however, should be taken cautiously, because lack of a 
clear definition for BU, which appears to be the result of multiple pro-
cesses as proposed by King-Smith et al. [27]. 

Ocular surface discomfort is an integrated perception due to different 
mechanisms, like sensory irritation by trigeminal stimulation, cooling 
sensation from evaporative aqueous loss, and subsequent desiccation. 
Sensory irritation is a transient perception that gradually may activate 
sensory nerves; first as a proto-state of sensory irritation (as suggested by 
Cain [38]) reflected by cooling and dryness. Evaporation (aqueous loss) 
initiates not only dryness, but also cooling by activation of cold ther-
moreceptors. Further, aqueous loss by evaporation then gradually more 
and more activates the sensory nerves due to the hyperosmotic stress 
due to desiccation in the PTF. Over a working day DES become the 
conglomerate of PTF deficiencies, e.g. gland dysfunctions, loss of 
epithelial and goblet cells, allergic reactions (allergic conjunctivitis), 
and inflammatory reactions like blepharitis, that may occur simulta-
neously, but with different time trends [15,39]. Further, the perceived 
OS discomfort like cooling, dryness and irritation may reflect hyper-
osmotic stress reactions due to sensitive corneal sensory nerves [27]; for 
instance, it has been hypothesized that excited cold thermoreceptors by 
elevated tear osmolarity are associated with eye dryness [40]. On the 
other hand, the perception of burning/sore eyes (in the eyelids) relate to 
inflammation in the Meibomian and lacrimal glands. 

Historically, indoor air pollutants have been considered causative by 
the indoor air science community; however, recently, several other risk 
factors have been identified to be associated with or to exacerbate DES 
[30,31]. The causality is generally difficult to diagnose clinically with 
certainty due to the temporary nature of DES among healthy office 
workers. Further, reported DES may be borderline cases among office 
workers with mild DED. For instance, DES among young and 
middle-aged Japanese office workers with clinically diagnosed DED 
(12%) were higher than in those with probable (54%) or undiagnosed 
DED (34%) [41]. This implies that existing DED on the OS [42,43], 
affecting about 20% of the population [4,44,45], contributes to the re-
ported prevalence. On the other hand, “dry eyes” identified as 
“discomfort” are defined by international consensus as “Dry eye is a 
multifactorial disease of the outer ocular surface characterized by a loss of 
homoeostasis of the tear film, and accompanied by ocular symptoms, in 
which the tear film instability and hyperosmolarity, ocular surface inflam-
mation and damage, and neurosensory abnormalities play etiological roles” 
[46]. The Asia Dry Eye Society has derived a slightly different definition 
“Dry eye is a multifactorial disease of the tears and ocular surface that results 
in symptoms of discomfort, visual disturbance, and (precorneal) tear film 
instability with potential damage to the ocular surface. It is accompanied by 
increased osmolarity of the tear film and inflammation of the ocular surface” 
[25]. Common for both definitions are closely related: “an unstable tear 
film”, “hyperosmolarity”, and inflammation in agreement with 
King-Smith et al. [27]. The definitions, however, still open up for a more 
precise answer to the question “What is dry and irritated eyes among 
healthy office workers” and “What is DED (a multifactorial disease)”? 
since we have a chicken and egg situation [47]. It appears that there still 
is need for common reliable diagnostic criteria for DED [48], because 
prevalence rates, based on population-based studies, have been reported 
between 5 and 50% [49,50]. Furthermore, a meta-analysis of the liter-
ature estimated a global prevalence of 50%, however lacking reliability 
[48]. The dichotomy among weak DED versus DES in healthy office 
workers continues to be a diagnostic puzzle and problem for the occu-
pational hygienist. 

3.1.1. Diagnostic problems of office eye symptoms 
Three problems appear about reported DES in office-like environ-

ments and an unambiguous diagnosis of symptom(s) on the individual 
level. First, the office worker may have a mild undiagnosed DED, sec-
ond, the temporary nature of work-related DES among office workers 
without DED hampers the clinical examination at the clinic, and third, 
each office worker will have variable degrees of interplaying risk factors 
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and etiologies (environmental, occupational, personal), which all 
contribute to the office-related DES, ultimately DED [31]. Further, the 
discordance between DES and clinical signs could indicate comorbidities 
that are related to clinical pain and hyperalgesia [51]. Thus, reported 
DES in offices appear to be a mixture of genuine acute symptoms trig-
gered by environmental and occupational risk factors, of which some 
decline outside the workplace, and DED-related symptoms in conjunc-
tion with other personal risk factors, like gender and age [52]. On the 
other hand, identification of causalities on a group level, i.e. more than 
20% of office workers report (eye) complaints in an office building or 
building sector, may need a different approach, cf [53]. Clearly, 
multi-disciplinary expertise is paramount in solving elevated complaint 
rates of DES in office environments. Furthermore, misdiagnosis in the 
eye clinic is possible due to low humidity environments causing false 
diagnosis of dry eye patients with moderate Schirmers’ test [54]. Like-
wise, assessment of the ocular Ferning test may be compromised by 
uncontrolled climatic conditions [55]. 

3.2. Epidemiological studies in offices 

The prevalence of reported DES continues to be about 20–40%, 
retrospectively, in European offices [24,56], less so in Japan and Taiwan 
[57,58], see Table 1. However, existing mild DED among office workers 
should also be considered in view of the borderline between acute versus 
chronic nature of reported DES [4]. Further, studies continue to estab-
lish associations between perceived “dry air” and elevation of 
eye-related symptoms in offices [57] and in homes [59]. 

The prevalence of DES in offices depends on the recall period; for 
instance, 1 week [63], 4 weeks [1,5] and 3 months for aircraft [7]. The 
shorter recall period the lower is the prevalence; for instance, the 
average prevalence of DES declined from 39% to 26% by asking “right 
now” rather than during the last 4 weeks in European offices [60]. 
However, DES may also decline over time as shown in a six-week study 
period [64]; in another study, DES, but not respiratory and nonspecific 
symptoms, declined sequentially over a reporting period from four to 
twelve months [65]. This demonstrates the importance that execution 
time of the questionnaire may influence the prevalence, and both sea-
sonal and psychological explanations can come into play. 

The frequency of occurrence is another factor to consider. For 
example, in a survey study of 505 office workers 33% reported DES, but 
more than 5% reported DES “most or all the time” during VDU work, 
which amounted about to 60% of a workday and 16% reading from 
hardcopy [24]. The 5% reporting “all the time” at work could be asso-
ciated with DED suffering workers. Further, geographical differences 
may prevail. For instance, 34% of the workers in 167 European offices 
reported dry eyes “during the last 4 weeks” and 91% reported relief of 
DES on days off from the office. The building mean prevalence was 
30.5% ranging from 21.5% in Greece to 39% in the Netherlands [56] (cf 
[66–68]). Three more important and consistent risk factors to consider, 

that strongly influence the prevalence of DES, are age, ethnicity, and 
gender, see 4.2.2. 

The occupational complaint of DES among office workers should be 
considered against the background of an estimated global DED preva-
lence of up to 50% [48,50]. This number, however, should be considered 
with caution due to the heterogeneity of diagnostic criteria and their 
measurement [48]; thus, the DED prevalence may be considerably lower 
(by about 20%) as proposed by Bron et al. and Uchino et al. [4,45]. Thus, 
reported DES in office workers is the accumulation of contributions from 
the interplay of environmental, occupational, and personal risk factors, 
and further possibly overlapped by internal phenomena in the eye. 

3.3. Controlled human exposure studies 

Exposure of subjects or patients in climate chambers with controlled 
temperature and dry air conditions to simulate environmental insults 
(exposure of desiccating stress) provides more reliable results about DES 
and signs on the PTF, as opposed to real life or external clinical exam-
inations, i.e. without interference of external work-related factors [31, 
69,70]. Thus, new studies reconfirm that elevation of the absolute hu-
midity from a low level has a beneficial effect on the PTF stability. This 
can inter alia be accomplished by use of specially designed moist 
chamber eyeglasses (or goggles) [71–73] or use of a desk-top USB--
powered humidifier within an enclosed microclimate [74]. The latter 
study indicates that even a modest increase within the microclimate of 
the OS (45%–50% Relative Humidity (RH)) improved the OS comfort 
and the PTF stability. Furthermore, even short exposure to desiccating 
stress conditions (5% RH) seriously deteriorates the lacrimal function in 
female DE patients [75]. This may further be exacerbated in working 
conditions that aggravate the PTF stability, e.g. by upward monitor gaze 
at VDU work, cf [76]. 

Healthy students (n ¼ 39) were exposed to different types of venti-
lation and draft in a climate chamber with controlled temperature and 
RH. Elevation of RH from 58% to 74% resulted in significantly fewer 
DES [77]. However, the finding should be considered cautiously, 
because the air velocity was considerably higher at the high RH 
condition. 

The exposure of atopic and non-atopic subjects to ethyl acrylate (a 
sensory eye irritant) between 0.05 and 10 ppm revealed an elevated 
baseline BF among the atopic subjects and significant increases in BF 
occurred at moderate to strong eye irritation; the increase of BF was 
relatively greater in the non-atopic subjects. Women reported an in-
crease of eye irritation (presumably hedonics related), but not verified 
by changes in the BF [78]. 

3.4. Animal in-vitro and in-vivo exposure studies 

Mice were exposed to particles by topical installation. Usually, the 
studies involved right eye and left eye as control, and observations were 
compared with eyes exposed to phosphate buffer substrate (control); 
some studies have also used a negative control group. The dose of 
installation was generally estimated based on continuous exposure 
assuming a defined deposition rate and a default room particle con-
centration (e.g. 200 μg/m3) of sampled Particulate Matter (PM10) or 
suspended titanium dioxide nanoparticles (<75 nm). Sampled particu-
late matter was extracted from filter, dried, and resolved as suspension. 
Generally, ambient particles showed epithelial damage of the PTF after 
one day of exposure. This was reflected by lower Break-Up Time (BUT) 
and signs of inflammation, like increase of cell infiltration, LDH and 
MUC5AC levels, in comparison with phosphate buffer substrate treated 
mice [79,80]; similar effects were observed in rabbits and rats exposed 
to titanium dioxide particles [81,82]. In a follow-up study with titanium 
dioxide nanoparticles, “evaporative dry eye” rats, which were exposed 
to 30% RH, resulted in more pronounced damage on the OS in com-
parison to “normal eye” rats being exposed at 50% RH [83]. 

In a long-term inhalation exposure study, mice were exposed 

Table 1 
Examples of prevalence (%) of dry eye symptoms in offices.  

Study Number of 
responses 

Recall period 
(weeks) 
�1 symptom/ 
week 

Dry eye 
symptoms 

Bluyssen et al. [1] 7441 4 31 
Bluyssen et al. [60] 6537 4 right now 39 

26 
Brightman et al. [2] 4326 4 19a 

Lukcso et al. [5] 7637 4 59a 

Marmot et al. [61] 4052 2 33a 

Pejtersen et al. [62] 2301 1 10–27b 

Reijula and Sundman- 
Digert [3] 

11,154 12 17c 

a) Dry, burning, irritated, itching, tearing. b) Offices with occupants from 1 to 28 
workers reporting eye irritation. c) Women (20%) and men (9%). 
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continuously to urban air particles from Buenos Aires for up to 12 
months and compared with mice exposed to filtered clean air [84]. 
Goblet hyperplasia and late IL-6 cytokine increase indicated inflamma-
tion in the OS mucosa, in agreement with observed alteration of the PTF 
in humans by prolonged exposure to traffic and combustion pollution, e. 
g. Refs. [85,86]. The ultimate consequence of long-term exposure to 
urban air pollutants (combustion-related particles and nitrogen dioxide) 
was recently shown by both clinical and experimental correlation to be 
associated with the pathogenesis of myopia in children and confirmed in 
an animal experiment [87]. Thus, the application of 2 μg PM2.5 solution 
to hamster eyes twice daily for 21 days developed change in the 
refractive error and longer axial length of the pupil; this was unobserved 
in hamsters exposed to clean air or exposed to PM2.5 mixed with the 
anti-inflammatory resveratrol. The myopic eyes showed an increase of 
inflammatory markers, e.g. cytokines. 

The above findings agree with the published findings regarding 
ambient air pollution and deteriorated PTF stability in humans, e.g. 
Ref. [31]. Furthermore, that conditioned “dry eyes” are more vulnerable 
to ambient particles than healthy eyes. It is fair to speculate that the 
deteriorating effect depends on the physico-chemical properties of the 
particles’ surface and is further exacerbated by the severity of the PTF 
instability (i.e. vulnerability), see Ref. [53]. Thresholds for sensory 
irritation of the eyes and upper airways, both mediated through the 
Trigeminus nerve system, are generally of the same order of magnitude; 
thresholds for the eyes tend to be slightly lower, however, cf [35]. and 
[88]. This indicates that a slightly instable PTF (e.g. desiccated) is more 
vulnerable to both sensory irritants (volatile organic and inorganic 
compounds), and particles and nitrogen dioxide (proxies of traffic/-
combustion emission). 

3.5. Cell assay exposure studies 

Assays with dedicated human cornea epithelial cell lines were 
studied with focus on exposure to dust particles and the associated 
cytotoxicity (cell viability, inflammatory reactions, and oxidative 
stress). Generally, short-term exposure of particles shows a dose- 
dependent decrease in cell viability and increase of oxidative stress, 
which depends on particle size and solubility. For instance, cells were 
exposed to concentrations of road dust particles (PM2.5, PM10), which 
were estimated from deposition of particles and the OS surface area 
[89]. In another study, organic (hexane) and water extractable fractions 
of indoor dust collected from homes and offices, respectively, showed 
the former to be more toxic than the water extractables and home dust 
particles to be less toxic than office dust, which contained more heavy 
metals and polyaromatic hydrocarbons [90]. Likewise, exposure to coal 
emissions have shown more significant cell disturbance than the expo-
sure to emissions from applewood combustion [91]. It has been specu-
lated that inhalation of smoke emission could result in secondary injury 
of the eye [91,92]. The findings to some extent agree with reported 
increase of eye symptoms from exposure to combustion and traffic 
particles, see 3.4. A risk assessment, however, is difficult, because the 
air-liquid interface was unprotected by a layer simulating the outer Lipid 
(Meibomian) Layer of the PTF (PTFLL). 

Zhu et al. reviewed the impact of nanomaterials on eye toxicity [93]. 
They noticed conflicting evidence about ultrafine silica toxicity 
(apoptosis, etc); further, that carbon nanomaterials (SWCNT and 
MWCNT) showed no eye damage and irritation in rabbit eye test in 
contrast to studies with human ocular cells, thus, low eye toxicity of 
carbon nanotubes [93]. Migration of corneal epithelial cells associated 
with wound healing was found to be inhibited by exposure to collected 
ambient PM2.5 as similarly found in a mouse model [94]; furthermore, 
the particle exposure increased the level of reactive oxygen species and 
caused inflammation in the cells and apoptosis thereof. 

Formaldehyde is a well-known sensory irritant in indoor air that 
can cause irritative eye symptoms by trigeminal stimulation [95,96]. 
Both cytotoxic and pro-inflammatory effects were observed by 

exposure of the human conjunctiva-derived epithelial cell line to 100 
μg/m3 of gaseous formaldehyde at 20% RH [97]. However, the 
outcome should be considered cautiously, since the cells were unpro-
tected by the lipid layer (meibum) that simulates PTFLL; furthermore, 
elevated RH may have altered the outcome. It should be noted that the 
no-observed-adverse-effect-level for irritative eye symptoms in humans 
exposed to constant formaldehyde is in the order of 0.7–0.8 ppm 
(0.8–0.9 mg/m3) at 22 �C and 50% RH [98]. 

In summary, the human eyes are vulnerable to external air pollut-
ants, in particular combustion products (particles) from traffic [31,99], 
and conditioned dry eyes may be even more vulnerable to particle 
exposure, as is supported by animal exposure studies, see 4.2.1. 

4. Potential causes of dry eye symptoms in offices 

4.1. Diseases and psychological issues 

It is relevant to envisage that a number of office workers may suffer 
from unrecognized, usually mild DES [4], which contributes to the re-
ported prevalence, in addition to contributions caused by environ-
mental, personal, and work-related risk factors [31] and ocular allergy 
[12]. Further, diabetics show abnormal blink patterns and OS and PTF 
stability changes, e.g. Ref. [100]. 

Subjects suffering from negative affectivity may be disposed to 
respond more negatively to questionnaires about IAQ in general and eye 
symptoms, e.g. Refs. [101,102], and to stress associated with the psy-
chosocial environment, e.g. Ref. [57]. Other personal disorders, like 
post-traumatic stress and chronic pain elsewhere may further contribute 
to the reporting of DES [51,103]. Furthermore, certain DES associated 
with blurring may be associated with depression [104], while subjective 
happiness was found to be inversely associated with reported DES [105]. 

Office workers exposed to RH between 30 and 60% were more likely 
to experience less stress than those exposed to drier conditions [106]; 
whether the reported stress is a proxy for OS discomfort remains to be 
confirmed. 

4.2. Environmental, personal, and occupational risk factors 

The OS is constantly exposed to environmental and occupational risk 
factors at work and personal factors can further aggravate the exposure 
impact according to studies [30,31,107]. It is important to recognize 
that DE patients may report OS discomfort from external stimuli, like 
draft, faster than healthy eye subjects [103,108]. Further, regional and 
seasonal differences of vulnerability in DES may occur [67], in agree-
ment with Galor et al. and Pachides et al. [66,68]. Furthermore, the 
adverse impact of low Indoor Air Humidity (IAH) and high room tem-
perature on the PTF stability has been reported elsewhere by Calonge 
et al. and Wolkoff [30,31,109]. Below are discussed some of the most 
recent findings. 

4.2.1. Indoor pollutants (outdoor and indoor) 
The impact of indoor air pollutants like VOCs and particles were 

recently reviewed [31,53,110,111]. In short, apart from high concen-
trations of strong sensory eye and airway irritants like formaldehyde and 
acrolein, VOCs have thresholds for sensory irritation orders of magni-
tude higher than typical indoor air concentrations to cause DES by tri-
geminal stimulation. However, one important observation by Claeson 
and Andersson [112] led to the conclusion that chemical intolerance 
patients may detect and perceive eye irritation symptoms more intensely 
by low exposure to acrolein than normal subjects, in agreement with 
observations by Ja�en and Dalton [113]. 

Airborne pollutants from combustion (e.g. cooking, traffic, wildfires) 
are associated with altered PTF and DES. The important influence of 
traffic-related pollutants, e.g. particles, nitrogen dioxide, and sulfur di-
oxide, on DED/DES has been reconfirmed in recent studies [99, 
114–120]. This is in part supported by animal exposure studies, see 3.5. 
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For instance, Lee et al. found significantly higher prevalence of DED 
(conjunctivitis and keratitis) in the top-20% regions of elevated PM10 
concentrations than in bottom 20% regions [118], cf [68]. Further, Mo 
et al. and Zhong et al. also found a negative association with the RH 
[114,117], in agreement with Galor et al. and Pachides et al. [66,68]. 

The exposure to specific chemicals, like trichloroamine was shown to 
be associated with elevation of both eye and nasal symptoms among 
swimming pool workers [121]. 

There are experimental indications that a destabilized PTF is more 
vulnerable to exposure of air pollutants. For instance, DES was shown to 
be positively associated with low RH (aggravated PTF) and ozone 
exposure [122]. Further, in a mice model, exposure to titanium dioxide 
nanoparticles resulted in considerably more adverse effects among 
conditioned “dry eye” mice than in “normal” mice, e.g. elevated in-
flammatory cell infiltration [83]. All in all, in agreement with the 
deteriorating effect of oxidative stress on the OS and tears initiated by 
environmental factors, in particular, ozone, (combustion) particles, 
UV-radiation, and use of preserved eye drops [123]. Thus, a new DED 
subtype, the “Environmental Dry Eye Disease” was suggested by Alves 
et al. [124]; similarly, it was proposed that temporary DES be classified 
as a subtype belonging to DED [31]. 

4.2.2. Personal risk factors 
The general picture is that elderly subjects have an unstable PTF, and 

this is more likely among women (i.e. an increased risk above 40 years of 
age) [51,52,107,125,126]. This will inevitably result in more vulnera-
bility towards exacerbation of external and work-related risk factors, see 
4.2.3. Further, the use of personal care products, that contaminate 
and/or destabilize the PTF, like cosmetics, may contribute [127–130]. 
For instance, Hunter at al. showed conformational changes of meibum 
by use of an eye liner [131]. Many types of medication can also alter the 
composition and production of the tear secretion, essential for a stable 
PTF, see e.g. Refs. [28,31,107]. 

Data of DES among children and adolescents is scarce. Report of DED 
among adolescents appear to be similar to those found in adults and the 
prevalence among adolescent girls is comparable with that for adults; it 
has been speculated that hormonal changes and more use of mobile 
phones among girls than boys may be additional risk factors [132]. 

Asian ethnicity has been identified as a major risk factor, cf [50]. 
Differences in eye lid anatomy (e.g. Meibomian gland morphological 
patterns; incomplete blinking) have been suggested as an ethnic risk 
factor, which may result in more vulnerability among the Asian than 
Caucasian population [133]. This agrees with the trend that Asian 
subjects report more severe DES than Caucasian subjects [50,134], in 
support of about 15% lower non-invasive BUT in Asian subjects ac-
cording to Georgiev et al. [135]. Further, evaporative dry eye is 
apparently more likely than aqueous deficient dry eye according to 
Wang and Craig [133]. Furthermore, a meta-analysis indicated Asian 
children exhibit lower BUT than in children from other continents 
[136]. However, lack of observed differences between Caucasian and 
American-Asian in comparison with Asian subjects has led to the spec-
ulation of environmental differences as causative [137]. 

4.2.3. Occupational risk factors 
A cross-sectional study in the Netherlands showed the highest risk 

among professional and clerical work (in office-like environments) after 
correction for age and gender, while outdoor profession (skilled agri-
culture workers) and elementary occupations like cleaning personnel 
exhibited the lowest risk [138]. 

It is well-established that VDU work, usually office and surveillance 
work, is a risk factor for elevation of DES [31]. The OS discomfort score 
gradually increased during the visual task in a time dependent manner, 
despite the type of reading task [139]. 

Further, any kind of reading with visual cognitive demands reduces 
the BF and the blink quality (e.g. incomplete blinks); this eventually 
aggravates the PTF stability, which may be further compromised by low 

IAH conditions [139–141]. A reliable prevalence of DES associated with 
VDU work is hampered by clear distinction between temporary DES and 
long-lasting DED and their overlap and this is further hampered by 
unrecognized DED among office workers [41]. 

The temperature and IAH are important microclimatic parameters 
associated with the PTF stability and OS comfort. The beneficial effect (i. 
e. symptom relief) of an increase of IAH from low to medium level is 
well-established [53,109]. Adverse effects of particles (PM2.5) on the OS 
(e.g. cornea and its epithelium) have also been shown to be alleviated at 
high humidity conditions, which may reduce the particle exposure, as 
well as lower the resuspension of particles from certain types of surfaces 
[109]. Both low and high room temperature alters the PTF character-
istics; this agrees with impaired performance of the meibum lipid in the 
outer PTFLL by structural changes reducing its viscoelasticity [142] or 
composition, i.e. mechanical instability [27,143]. 

Ocular surface temperature is an additional important PTF charac-
teristic shown to correlate with increased discomfort as compared with 
controls [108,144]. For instance, the central corneal surface tempera-
ture fell significantly more in DE patients than in normal subjects after 
3–5 s closure of the eyes, most likely due to cooling by evaporative 
aqueous loss from a more unstable PTF [27]; the cooling is perceived as 
discomfort and could mimic the proto-state of sensory irritation. 

High initial OS temperature may be associated with a thicker PTFLL 
in normal subjects, but not necessarily a more stable PTF [145]. How-
ever, longer BUT (more stable PTF) has been observed at lower initial OS 
temperature [146]. Elevated OS temperature may also retard the 
lacrimal secretion altering the PTF composition and wetness [147]. The 
TRPM8-dependent cold thermoreceptors of the cornea regulate the basal 
tear flow (i.e., OS wetness) and to some extent BF [148] without inter-
ference from other stimuli-mediated tearing, for example irritative. 
Thus, elevated room temperature may potentially cause a decrease in 
the PTF quality by retarded tear secretion as observed by Nygaard et al. 
[149]. 

4.2.4. Mechanistic aspects 
The key question from the perspective of managing IAQ in office-like 

environments is how indoor air pollution, microclimatic parameters 
(temperature, IAH, and draft), and occupational factors (e.g. VDU work) 
deteriorate the PTF stability, either by a physical or chemical mecha-
nism(s) or exacerbate each other by interplay, during visually 
demanding (VDU) work. Dry eye symptoms are generally reversible in 
OS healthy people and relieved outside the workplace, while for people 
with unrecognized or mild/moderate DED, DES may further increase 
during the workday and exacerbate by aggravating microclimatic and 
occupational conditions, and indoor air pollution, see 4.2.1. 

The anti-evaporative capacity (evaporative resistance) of the OS, 
essential for moistness of the PTF, appears to depend strongly on the 
mechanical properties, i.e. the composition and molecular structure of 
the PTFLL that covers the aqueous layer of the PTF (see Fig. 1 in 
Ref. [31]). The PTFLL, per se, is not considered to retard the evaporation 
[135], but any mechanical instability of the PTFLL (e.g. thinning, dry 
spots) may enhance the evaporation and subsequently initiate desicca-
tion and subsequent reactions, i.e. hyperosmotic stress from the evap-
orative aqueous loss. 

The composition of PTFLL consist mainly of non-polar longer- 
chained lipids like wax- and cholesteryl esters and glycerides and to a 
minor extent amphiphilic lipids like o-Acyl-Omega-Hydroxy Fatty Acids 
(OAHFA) and phospholipids, e.g. Refs. [150–153]. Thus, instability or 
BU of the PTF/(PTFLL) is considered one of the core mechanisms of OS 
discomfort and DES [27,36]. “The stability of the PTF components is 
important for structural stability of the PTF, and thus a PFT compen-
satory mechanism regulates the changes in the components of the PTF” 
according to Arita et al. [154]. Recent results substantiate that the 
evaporative resistance of the PTFLL depends on the packing conditions 
of crystalline-state layers of the wax esters; further, the tear (aqueous) 
evaporation rate increases by defects and incomplete coverage of the 
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PTFLL [155], cf [27]. Furthermore, that long-chain OAHFAs, but not 
their diesters, are another key lipid class maintaining the PTFLL evap-
oration resistance [156]. Zhang et al. demonstrated that wearing contact 
lenses partially blocked for OS discomfort and DES [36]; it is indicated, 
however, that DED patients wearing contact lenses have about 20% 
reduction of very long-chain wax esters [157]. 

The OS condition plays an important role for the BF, which is 
important for maintaining a stable PTF [29,144]. A balanced composi-
tion of the PTF components is also essential for maintenance of its me-
chanical stability, inter alia by interactive compensatory (burst) 
blinking [76] and change of secretions from the lacrimal and Meibomian 
glands. A destabilized PTF will eventually lead to OS damage by local 
hyperosmolarity (local desiccation), believed to be another key patho-
genic step underlying DES development [154,158,159]. The evapora-
tion from and thinning of the PTFLL causes the hyperosmotic stress by 
elevated concentration of noxious chemicals and is believed to stimulate 
corneal sensory nerves prompting a cooling sensation caused by the 
elevated rate of tear (aqueous) evaporation [27]. However, deteriora-
tion of the PTF stability, especially the PTFLL by Meibomian Gland 
Dysfunction (MGD), is multifactorial. This depends on five (in combi-
nation) pathophysiological mechanisms, which are inflammation in 
eyelid and conjunctiva, corneal damage, microbiological changes, and 
DED; the inflammatory mechanisms of MGD and DED interact in a 
so-called self-perpetuating “double vicious circle” as suggested by Bau-
douin et al. and Bron et al. [39,160]. 

The quality of meibum is essential for a healthy OS and a marker of 
MGD [161]. For instance, the association with the composition of 
sphingolipids [162], and the melting point of the PTFLL may increase by 
minor mechanical changes, i.e. in composition and conformation. Such 
increase decreases the interface viscosity and elasticity of the PTFLL 
causing blocking of the Meibomian glands [44]. Furthermore, desic-
cating stress, caused by low IAH exposure, of the OS epithelium results 
in keratinization (cornification) of the goblet cell orifices, which may 
cause further gland blockage of the delivery of meibum [163]. 

The BF is influenced apart from involuntary and voluntary blinking 
by many external stimuli, inter alia, an increase by anxiety, conversa-
tion, sleep deprivation, visual fatigue, and speech requiring tasks [27, 
144]. On the other hand, reading tasks and VDU work substantially 
reduce the BF, generally the more demanding the more reduction [29, 
139,141], see also [76]. There are mechanical changes in meibum and 
tear lipids between both age groups, and between normal and MGD 

subjects. In general, the PTF stability decreases with age due to 
compositional and conformational changes of the PTFLL [157,164,165]. 
For instance, tears of children are more stable than those of adults [164]. 
An important chemical contributor appears to be saturation of lipids in 
meibum and tears that increases the structural order, the 
phase-transition temperature, lipid–lipid interactions, and elasticity of 
the PTFLL [166]. Lipid oxidation proxied by malondialdehyde has been 
shown to be elevated in adult human tears than in younger ones [167]. 
This agrees with the elevated protein level and carbon-carbon double 
bonds in the acids (i.e. less ozone resistant) in elderly people [168]. This 
is further supported by the finding that meibum and tear liquid secre-
tions contain fewer carbon-carbon double bonds in subjects without 
MGD than in subjects with MGD [169]. Ozone reacts in the air/PTFLL 
interface with the unsaturated (carbon-carbon double bonds) OAHEFAs. 
Thus, a higher content of unsaturated hydrocarbons in meibum, as in 
elderly and in MGD patients, may increase the reactivity to ozone and 
compromise the PTFLL structure, i.e. a more vulnerable PTF, cf [170]. 
Long-chain wax esters were also diminished about 20% in meibum in 
postmenopausal women with DED causing further structural disorder of 
the PTFLL, see Refs. [157,171]. 

4.2.5. Interplaying risk factors (Comorbidities) 
Environmental, occupational, and personal risk factors may inter-

play and exacerbate DES, see Refs. [31,68]. For example, the combi-
nation of ozone exposure and low IAH conditions may promote DES 
[122]. Other studies have shown that the exposure of particles to 
evaporative dry eyes enhanced the effects more than the exposure to 
normal eyes [83], see 3.4. Lukcso et al. suggested that low IAH (dry 
eyes) may interact with glare to cause additional OS discomfort [5]. 
Furthermore, reported DES is likely the result of overlapping external 
causalities and possibly exacerbated by factors of internal origin. 

4.3. Ocular fatigue (tiredness) – deteriorated work performance 

Common visual complaints like DES are generally associated with 
inter alia eye fatigue [159] and many office workers feel eye fatigue 
during intensive near and visually cognitive demanding work, like VDU 
work, and light exposure; this may be further exacerbated among people 
with DED [32,34,172]. Visual acuity and contrast sensitivity are other 
important parameters associated with DES and an aggravated PTF, 
respectively [173], as previously shown, see references in Ref. [174] 

Fig. 1. Schematic presentation of major risk factors for dry eye symptoms leading to deteriorated work performance. For risk factors, in general, see Fig. 1 
in Ref. [31]. 
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(Fig. 1). 
It appears that at least one major factor causing deteriorated cogni-

tive work performance relates to DES in office-like environments. 
Furthermore, it has been argued that DES are likely to be associated with 
the perception “dry air”, which is among top-two reported complaints 
about perceived IAQ in offices [53]. Thus, it is tempting to propose a link 
between perceived dry air, DES, eye fatigue, and disrupted work, 
because low IAH is an important cause of desiccated eyes leading to DES 
like eye fatigue. For instance, Koh speculates that eye fatigue is the result 
of “dry eye struggle” to visualize during conditions of visual disturbance 
(blurred vision) [159], i.e. low visual acuity, to be associated with an 
aggravated PTF. 

Dry eye symptoms are generally reversible among healthy eye office 
workers; however, it is noteworthy that a certain fraction of office 
workers may have unrecognized (mild) DED causing DES [23]. 
Perceived dry air was found to be important and significantly associated 
with DES, e.g. Ref. [57]; in addition, eye fatigue and eye dryness are 
positively associated with the thickness of the macular ganglion cell 
complex among dry eye fatigue subjects than in subjects without fatigue 
[34]. Thus, it appears fair to conclude that low IAH is an essential IAQ 
parameter associated with DES and impairment of work performance, 
which is likely to be further exacerbated by exposure to other concurrent 
environmental and occupational risk factors. For instance, high room 
temperature reduces the lachrymal production and certain indoor air 
pollutants cause odor-induced mental distraction, possibly jointly with 
high carbon dioxide concentration, generally a proxy of elevated 
pollutant load of both material/product emissions and human bio-
effluents (i.e. inadequate ventilation). 

Some studies indicate that low IAH conditions influence work per-
formance. For instance, RH was considered an important environmental 
factor in self-assessed office and green housework performance together 
with psychosocial factors [175]. Further, female office workers reported 
more negative impact (disruption) on their work performance due to 
perceived DES [24]. Other questionnaire studies also indicate that 
self-reported work performance is significantly associated with reported 
DES rather than with clinical signs [20,23,176,177]. In a controlled 
climate chamber study, a few percent reduced visual data acquisition for 
certain office tasks was observed in young female students (n ¼ 17), 
which were exposed to low RH (5%) for 4 h [22]. The authors offer an 
explanation that the increase of BF at low RH leads to eyelid fatigue and 
less visual time for visual recognition, which appears reasonable. 
However, less visual acuity by an altered PTF should also be considered; 
further, the effects would be expected to become exacerbated among 
elderly office workers with a more unstable and vulnerable PTF, e.g. less 
contrast sensitivity according to Szczotka-Flynn et al. [173]. The study 
by Shan et al. indicates that both mixing ventilation and passive 
displacement ventilation by lowering carbon dioxide and increase of RH 
improved work performance by reduction of DES [77]. 

There is evidence that DES/DED cause a substantial economic 
burden and substantial loss of work performance [26]. Identification 
and quantification of causes of deteriorated work performance are still 
ongoing regarding climatic parameters and indoor air pollution. How-
ever, low IAH induced DES as eye fatigue and eye irritation, possibly 
associated with eye struggling due to low visual acuity, is one major 
factor in the office. This should be considered because the top IAQ 
complaint and top-two symptom in office environments are “dry air” 
and “dry, irritated, and tired” eyes, respectively [53]. Thus, well-being 
(OS comfort) caused by acceptable and appropriately humidified in-
door air appears to be a major climatic factor securing appropriate work 
performance in office workers; this is in line with fewer complaints of 
perceived dry air and DES by elevation from low to 40–50% RH [53]. 
Figure 1 shows major risk factors that lead to DES and deteriorated work 
performance. 

There are other risk factors in focus in indoor air science like venti-
lation, temperature and indoor air pollution, which may disrupt work 
and influence work performance and decision making [178]. Studies 

have explored the impact of VOC exposures, either to the emission from 
interior construction materials and consumer products or specific VOCs, 
on loss of work performance, both in the field and under controlled 
climate chamber conditions, usually with young subjects. Furthermore, 
the scientific debate is centered about the potential impact of elevated 
carbon dioxide versus exposure to indoor VOCs (i.e. odors), either as 
human bioeffluents or emitted from materials/products [179–181]. 
There are, however, conflicting support that elevated VOC exposure 
should be directly associated with deterioration of work performance. 
Negative impact on various kinds of cognitive performance has not been 
observed in controlled exposure studies with either specific VOCs or 
mixture of VOCs, e.g. Refs. [21,182–185]. Reported effects can be 
rationalized by the odor hedonic impact, which may result in mental 
distraction (psychological) rather than by a physio-neurological cau-
sality, see Refs. [186,187]. For instance, in the study by Allen et al. 
odorous VOCs like 2-propanol and heptane dominated the chamber 
exposure [188]. Furthermore, vulnerability due to lack of sleep has been 
identified as another confounder [180] in agreement with Clayton and 
Wu et al. [28,189]. No substantial deterioration of work performance 
was observed at elevated carbon dioxide concentrations, proxy of VOCs 
and human bioeffluents, in offices [190]. However, many other envi-
ronmental factors may be in play about work performance deterioration, 
including ergonomic and psychosocial working conditions [13,191, 
192]. 

Beneficial effects for improvement of the work performance have 
been demonstrated by introduction of microbreaks during VDU work 
and reading tasks [193–196]. Other approaches have been suggested, 
such as plant intervention [197], air purification [198], and ventilation 
[77,199]. Furthermore, proper sleep has also been demonstrated to be 
an important factor [28,189], which secures work performance, in 
agreement with the study by Snow et al. [180]. 

4.4. Improvement and treatment of dry eyes 

For decades the use of artificial tears has been the first choice in 
treatment of DES. Other eye dedicated medication has now been 
developed for relief of inflammatory reactions in view of the main 
mechanisms behind DE and DED, i.e. an unstable PTF and gland dys-
functions [47,130,200–202]. However, there are other issues to consider 
maintaining a healthy OS, PTF, and means of DES relief. It is important 
to emphasize that DES might still prevail with high prevalence even in 
an office building/office that is without technical problems and satisfies 
modern IAQ standards, cf [5,203]. Important also to consider is that 
diagnosed and non-diagnosed office workers with DED may be sub-
stantial, cf [23,204]. 

The microclimatic VDU and workstation conditions can be optimized 
at the individual level to secure OS health and eye comfort. For instance, 
increase of low IAH to 40–50% RH in office and the near microclimate 
has shown beneficial effects by lower complaint rates and improvement 
of OS comfort, see Ref. [53]. Studies have also demonstrated relief of OS 
discomfort and increase of PTF stability by local increase of the OS 
humidity, especially among dry eye patients, e.g. by moist inserts in 
eyeglasses. This approach has been reconfirmed in new studies with use 
of moist glass/goggle as an alternative to the use of eye drop medication, 
e.g. Refs. [71–73,205]. Maintenance of the OS humidity may also be 
achieved using blink pacemakers [206,207]. Further, eyelid hygiene 
[160,208] and heat therapy (e.g. thermal pulsation on the Meibomian 
gland function) have also shown to be an efficient treatment option for 
DED secondary to MGD [209–211]; optimal temperatures between 40 
and 41.5 �C for the therapy has been recommended by Borchman [212]. 
Finally, Choi et al. have recommended OS health management [213]. 

5. Conclusion 

Dry eye symptoms remain abundant despite modern technology in 
offices. A better understanding and further disentangling of risk factors 
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will be helpful for occupational hygienists, eye and occupational phy-
sicians. Further, a deeper appreciation of risk factors such as the indoor 
air humidity that influence the work performance would be valuable for 
managing purposes. Many risk factors have been identified or recon-
firmed as important for aggravation of the precorneal tear film stability, 
essential for ocular surface comfort. These are divided into factors 
relating to maintenance of a stable precorneal tear film without gland 
dysfunctions, and other occupational and individual risk factors. 
Furthermore, it is now evident that even a slightly instable precorneal 
tear film (e.g. desiccated) is more vulnerable to certain air pollutants 
such as traffic/combustion related particles, nitrogen dioxide, and 
ozone. There is ample evidence that dry eye conditions are associated 
with deteriorated work performance. Finally, based on this perspective, 
Table 2 shows some important factors that secure ocular surface comfort 
by maintaining a stable precorneal tear film. 
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Table 2 
Important factors for securing a stable precorneal tear film and minimize ocular 
surface discomfort.  

Composition and structure 
of the outer lipid layer of 
the precorneal tear film 

Occupational conditions Alleviating 
approaches  

� Unaltered and 
uncompromised 
composition of gland 
secretions.  

� Avoid low blink 
frequency for extended 
period.  

� Minimize incomplete 
blinking.  

� Limit use of medication 
with diuretic properties 
or otherwise that 
interfere with 
composition of gland 
secretions and hormonal 
balance.  

� Use eyedrops without 
preservation.  

� Check for undiagnosed 
dry eye diseases.  

� Avoid high room 
temperature that 
influences secretion 
from lacrimal glands.  

� Avoid desiccating air 
humidity conditions and 
draft (high air velocity).  

� Optimize downward 
gaze monitor position to 
minimize alteration of 
the precorneal tear film 
and aqueous loss from 
the ocular surface.  

� Avoid compromising 
conditions of air 
pollution (e.g. ozone or 
combustion particles).  

� Use adequate letter size 
of working text.  

� Elevated IAH 
around the ocular 
surface, e.g. moist 
inserts in 
eyeglasses.  

� Microbreaks  
� Use of eye blink 

generator.  
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