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Abstract

Purpose

To assess the tear film and meibomian gland (MG) features in a Norwegian cohort of

patients with primary Sjögren´s syndrome (pSS) and in age- and gender-matched control

subjects.

Methods

Thirty-four female patients with pSS (age 52.9±11.9 years) and 32 female control subjects

(age 49.0±11.5 years) were recruited. After completion of Ocular Surface Disease Index

(OSDI) questionnaire and McMonnies Dry Eye Questionaire, participants underwent mea-

surements of tear osmolarity, tear break-up time (TBUT), ocular surface and corneal stain-

ing, Schirmer I test, corneal sensitivity, MG expressibility evaluations, and lid margin

morphology examination using slitlamp microscopy. Non-contact infrared meibography

images were assessed by computer-assisted analysis. The MG loss, calculated as (tarsal

area-MG area)/tarsal area, was evaluated in both upper (UL) and lower lids (LL).

Results

Compared to the control group, pSS patients demonstrated higher MG loss in both UL (33.8

±13.2% vs. 24.4±8.5%, p< 0.01) and LL (52.5±15.7% vs. 43.0±9.6%, p<0.05), as well as

higher lid abnormality score (0.8±0.8 vs. 0.2±0.6, p< 0.01). Furthermore, pSS patients

showed higher OSDI and McMonnies questionnaire scores, elevated osmolarity, shorter

TBUT, shorter blink interval, less wetting in Schirmer I test, more ocular surface staining and

more corneal staining. MG loss in UL correlated negatively with TBUT (r = -0.386, p = 0.029)

in the pSS group, whereas MG loss in LL correlated negatively with TBUT (r = -0.380, p =

0.035) in the control group.
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Conclusions

Significantly elevated dry eye symptoms and signs were found in the pSS group compared

with the control group, which might be attributed to both decreased aqueous tear production

and increased tear evaporation.

Introduction

Primary Sjögren´s syndrome (pSS) is a systemic, progressive, autoimmune disorder character-

ized by lymphocytic infiltration of exocrine glands and epithelia in multiple sites. The involve-

ment of lacrimal and salivary glands results in dry eye and dry mouth [1]. Meta-analysis of six

studies reporting incidence rate of Sjögren´s syndrome (SS) revealed geographic heterogeneity

with a higher incidence rate in Asia (6.6 per 100 000 person/years) compared to that in Europe

(IR between 3.9 and 5.3 per 100 000 person/year) and US (IR of 3.9 per 100 000 person/year)

[2]. Primary Sjögren´s syndrome affects 9–10 females per male, and the mean age at diagnosis

was 50–60s [2, 3].

Dry eye disease (DED), as defined by the 2007 International Dry Eye Workshop (DEWS),

is “a multifactorial disease of the tears and ocular surface that results in symptoms of discom-

fort, visual disturbance, and tear film instability with potential damage to the ocular surface”

[4]. It is usually classified into two major categories: aqueous tear-deficient dry eye due to fail-

ure of lacrimal tear secretion, and evaporative dry eye due to excessive water loss from the

exposed ocular surface [4]. There is often an overlap in the occurrence of these two types of

dry eye. Female sex and aging increase the risk for DED [5, 6]. A study by Wan et al. showed

that among patients with DED those suffering from pSS have higher prevalence and severity of

depression [7].

Dry eye in pSS has been mainly associated with decreased aqueous tear production caused

by the lacrimal gland involvement in the autoimmune process [4]. However, a study by Goto

et al. showed that tear evaporation rate measured by ventilated chamber system was signifi-

cantly higher in aqueous tear-deficient dry eye in patients with SS compared with non-SS

aqueous tear-deficient dry eyes [8]. Furthermore, the incidence of meibomian gland dysfunc-

tion (MGD) has been reported to be higher in patients with SS compared to that of subjects

without SS [9–11]. Meibomian glands (MGs) are specialized sebaceous glands, which secrete

lipids into tears, forming an oily layer of the pre-ocular tear film to prevent excessive evapora-

tion of tears. Therefore, a defective tear film lipid layer caused by MGD might, in part, contrib-

ute to the dry eye problem in patients with SS by the increase in tear evaporation.

Meibography allows direct observation of the morphology of the MGs and it is the only

method available for the assessment of partial glands or total MG dropout in the tarsal plate

[12]. Some studies have found that MG atrophy correlates with functional dry eye parameters

such as tear film break-up time (TBUT), expressible MGs and lipid layer thickness [13–15].

There are currently few studies on MGD in SS. Transillumination meibography has been

used to assess the MG atrophy in patients with SS [9, 11]. However, only the lower eyelids

were evaluated. Using non-contact infrared meibography, Menzies and colleagues [10] found

that MG dropout score was significantly higher for the SS group compared to control subjects.

In their study, however, only 11 patients with SS were included, and the total MG dropout

score obtained by summing the upper and lower eyelids was used for analysis. MG loss may be

different in the upper and lower eyelids [15]; therefore, investigating the eyelids separately

may help to discover syndrome specific characteristics of MGD in patients with pSS.

Meibomian gland in primary Sjögren´s syndrome
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Furthermore, MG morphological assessments, such as thickness, length, and density may offer

additional information [15, 16]. In the current study, non-contact infrared meibography was

evaluated in a Norwegian cohort of patients with pSS in comparison with age- and gender-

matched controls, and the results of MG loss were correlated to other clinical dry eye tests.

Materials and methods

Study subjects

This paper is part of a larger study where interdisciplinary, comprehensive oral and ocular

evaluation of patients with pSS was performed. Thirty-four female patients diagnosed with pSS

(average age, 52.9±11.9 years; range, 32–72) and a control group of 32 age-matched healthy

female subjects (average age, 49.0±11.5 years; range, 32–79) were recruited in the current

study. The pSS patients were classified by a rheumatologist according to the American-Euro-

pean Consensus Group 2002 revised criteria [1]. Briefly, the rules for classification require the

presence of at least 4 of the 6 criteria items or 3 of the 4 objective criteria items. The six criteria

items include subjective and objective ocular dryness; subjective and objective evidence of sali-

vary gland involvement as determined by unstimulated whole salivary flow, sialography, or sal-

ivary scintigraphy; presence of Sjögren-specific antibodies to Ro(SSA), or La(SSB) antigens, or

both; and positive minor salivary gland biopsy. In this study, a mandatory criterion for the

patient inclusion was positive Sjögren-specific antibody serologic results. None of the partici-

pants had been treated by punctal plug insertion or by surgical occlusion.

All participants in the control group had a negative history of dry eye/dry mouth com-

plaints, presence of systemic disorder with ocular involvement, any ocular disease, and previ-

ous surgery or use of medication that may affect lacrimal and salivary glands secretion.

Regional Medical Ethical Committee of South-East Norway approved the study (2015/363).

Written informed consent was obtained from all the participants, and the study was performed

in compliance with the tenets of the Declaration of Helsinki.

Clinical evaluation

The subjects were required to not use topical eye drops within two hours prior to the clinical

examination. Each subject was asked to complete the Ocular Surface Disease Index (OSDI)

questionnaire[17] (Allergan Inc., Ivine, CA) and a modified McMonnies Dry Eye Question-

narie[18, 19] for standardized evaluation of the symptomatology of dry eye.

After completion of the questionnaires, study subjects underwent a detailed ophthalmic

examination in a predefined sequence as follows: the lower tear meniscus height measurement

with Keratograph 5M (Oculus, Wezlar, Germany) [20], tear film osmolarity measurement

using TearLab Osmolarity System (TearLab Corp, San Diego, CA), count of blink frequency,

tear quality evaluation using TBUT after instillation of 5 μl 2% fluorescein sodium, corneal

and bulbar conjunctival staining with fluorescein recorded according to the Oxford scoring

scheme (range of ocular surface staining: 0–15; range of corneal staining: 0–5) [21], Schirmer I

test without topical anesthesia, assessment of corneal sensitivity by using the Cochet-Bonnet

nylon thread esthesiometer, and biomicroscopic examination of the ocular adnexa and ante-

rior segment. Ocular Protection Index (OPI) [22] was calculated as the ratio of the TBUT

divided by the blink interval. An OPI value of less than 1 implies that tear film break-up occurs

within the blink interval.

The eyelid margins and the meibomian gland secretions were evaluated on a slit lamp. Lid

margin abnormalities were scored as 0 (absent) or 1 (present) for the following parameters at

the lower lids: lid margin telangiectasia, posterior lid margin hyperemia, and irregular lid mar-

gin. Assessment of the MGs was conducted by application of light pressure using cotton tips
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on central five MGs of the lower eyelid. Expressibility was recorded as the number of the MGs

with meibum secretion under the pressure. The quality of the meibum that was secreted from

each gland was graded as following: 0, clear; 1, cloudy; 2, cloudy with particles; and 3, tooth-

paste like. To avoid giving a false low value in cases where many MG orifices were plugged, the

meibum quality value was averaged with the number of glands that expressed meibum per eye-

lid. At the end, meibography images were obtained using the non-contact infrared camera sys-

tem Oculus Keratograph 5 after eyelids were everted. The MG loss, calculated as (tarsal area-

MG area)/tarsal area, was evaluated by a masked observer using computer-assisted analysis

with ImageJ software (National Institutes of Health, NY, USA). It is presented in a 0–100%

scale, in which 0% means no MG loss, whereas 100% represents complete MG loss (Fig 1). The

computer-assisted MG loss was assessed separately for the upper (UL) and lower eyelids (LL).

Additional computerized morphological analyses of the MGs were performed on the UL only.

The MG thickness was measured on the three most representative glands across the entire eye-

lid, and the MG length was calculated by measurement of the three most prominent MGs,

whereas the density of the MG area was assessed by measuring the gap between two adjacent

MGs at three different locations of the eyelid (Fig 1). A larger gap-measurement value indicates

a lower density. The averages of three measurements in MG thickness, length and density were

calculated and used in further statistical analyses.

Percentage of pathological findings in each group was calculated. Due to a lack of agree-

ment among the established DED diagnostic criteria, the following cut-off values were adopted

in the current study: OSDI questionnaire score� 15 [17], McMonnies questionnaire score�

15 [23], TMH� 0.1 mm, osmolarity> 316 mOsm/L [24], TBUT� 5 seconds [25], ocular vital

staining� 3, corneal vital staining� 1, Schirmer I test� 5 mm in 5 minutes [26, 27], MG

expressibility< 5, OPI< 1, and lid abnormality score > 0.

Statistical analysis

The values from averaging findings in both eyes of each participant were used for analysis. The

statistical analysis was performed with commercial software SPSS for Mac, version 23 (SPSS

Sciences, Chicago, IL). All the data are expressed as mean ± standard deviation (SD). The nor-

mal distribution of variables was verified by the Shapiro-Wilk test. General linear model was

used to adjust factor of age in inter-group comparison. Binomial variables were compared

with χ2 test. Correlations between variables were undertaken by using Pearson or Spearman

rank correlation analysis, depending on the distribution of the variables. A p value of< 0.05

was considered to be statistically significant.

Results

Dry eye tests

A statistically significant difference was found between pSS and control group in most of the

parameters studied (Table 1). Compared to the control group, pSS group demonstrated higher

OSDI and McMonnies scores, higher osmolarity, shorter TBUT, lower OPI, higher blink fre-

quency, less wetting of Schirmer I test, lower TMH, more ocular and corneal staining, and higher

lid abnormality score. No statistically significant difference was found between pSS and control

groups with regard to corneal sensitivity, MG expressibility, or meibum quality per gland.

Percentage of eyes presenting pathological values

In pSS group, pathologically high OSDI questionnaire score, high McMonnies questionnaire

score, high osmolarity, decreased TBUT, low Schirmer I test value, low TMH, pathological

Meibomian gland in primary Sjögren´s syndrome
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ocular surface staining and corneal staining, and abnormal lid margin features were found in

85%, 76%, 83%, 94%, 63%, 21%, 68, 79%, and 61% of the cases, respectively. These percentage

values were higher than in control group, in which the respective values were 6%, 0%, 48%,

53%, 28%, 3%, 6%, 16%, and 15% (p< 0.05 in call cases) (Fig 2). Low OPI was found in 53%

and 33% of the cases in pSS and control groups, respectively (p = 0.116). Abnormal MG

Fig 1. Computer-assisted analysis of meibomian gland (MG) morphology. The MG length, thickness, and gap are marked as thick yellow line, green

line, and red lines, respectively. The photos in the left column show MG loss in the upper eyelids of three eyes of 58.2%, 57.8%, and 67.9%, from top to

bottom, respectively, whereas the photos in the right column show MG loss in the lower eyelids of the same eyes of 58.6%, 47.1%, and 64.9%, from top to

bottom, respectively.

https://doi.org/10.1371/journal.pone.0184284.g001
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expressibility was present in 88% of the pSS patients and in 71% of the control group

(p = 0.105).

Morphology of meibomian glands and its correlation with other clinical

measurements

The MG loss in both eyelids was significantly higher in the pSS group (Table 2). Also, the inci-

dence of MG loss more than 50% was higher in the pSS group than in the control group (9.3%

vs. 0% in the UL; 51.5% vs. 22.6% % in the LL). In the pSS group, the MG length in the UL cor-

related negatively with age (Spearman´s correlation r = -0.402, p = 0.022), and MG loss in UL

correlated negatively with TBUT (Spearman´s correlation r = -0.386, p = 0.029). In the control

group, MG loss in LL correlated positively with age (Pearson´s correlation r = 0.454, p = 0.010),

correlated negatively with TBUT (Spearman´s correlation r = -0.380, p = 0.035), and negatively

with MG expressibility (Spearman´s correlation r = -0.568, p = 0.001). MG loss in UL correlated

Table 1. Dry eye tests in subjects with and without primary Sjögren´s syndrome.

Parameters N Control group N pSS group P value

Age (years) 32 49.0±11.5 34 52.9±11.9 0.348

Range 32–79 32–72

OSDI 32 4.8±7.5 34 34.8±19.2 0.000*

Range 0.0–39.6 2.3–86.4

McMonnies 32 4.1±2.0 34 17.6±3.8 0.000*

Range 0–8 11–27

Osmolarity (mOsm/L) 31 319.7±15.8 30 334.8±21.5 0.003*

Range 295.5–358.0 295.5–374.5

TBUT (sec) 32 5.4±3.3 34 2.4±2.6 0.000*

Range 1.0–15.0 1.0–15.0

OPI 30 1.9±1.4 32 1.0±0.8 0.003*

Range 0.2–5.6 0.2–4.2

Blink frequency per minute 30 23.1±12.2 32 32.1±13.3 0.009*

Range 3–50 7–55

Schirmer I (mm/5min) 29 16.2±11.6 30 4.8±4.0 0.000*

Range 0.0–35.0 0.0–14.5

TMH (mm) 29 0.22±0.08 34 0.15±0.06 0.000*

Range 0.10–0.41 0.08–0.35

Ocular staining 32 0.8±1.2 34 3.9±2.3 0.000*

Range 0.0–5.5 0.0–10.0

Corneal staining 32 0.3±0.5 34 1.8±1.1 0.000*

Range 0.0–2.0 0.0–4.0

Corneal sensitivity (mm) 20 58.8±2.9 22 58.1±3.9 0.596

Range 50.0–60.0 45.0–60.0

MG expressibility 31 3.4±1.4 32 3.1±1.3 0.630

Range 0.5–5.0 0.0–5.0

Meibum quality per gland 31 0.2±0.4 31 0.1±0.4 0.439

Range 0–15 0–2

Lid abnormality score 27 0.2±0.6 31 0.8±0.8 0.007*

Range 0.0–2.0 0.0–3.0

OSDI = Ocular Surface Disease Index questionnaire; TBUT = tear film break-up time; TMH: tear meniscus height; OPI = ocular protection index;

MG = meibomian gland. Values marked with * represent statistically significant inter-group difference adjusted for age using general linear model.

https://doi.org/10.1371/journal.pone.0184284.t001
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negatively with MG expressibility (Spearman´s correlation r = -0.421, p = 0.020) and McMon-

nies score (Pearson´s correlation r = -0.382, p = 0.034). MG gap correlated negatively with

McMonnies score (Pearson´s correlation r = -0.386, p = 0.032). MG length correlated positively

with OSDI score (Spearman´s correlation r = 0.439, p = 0.014).

Fig 2. Percentage of abnormal results of the dry eye diagnostic tests obtained in primary Sjögren´s

syndrome group and control group. TBUT = tear film break-up time; TMH = tear meniscus height;

OPI = ocular protection index; MG = meibomian gland. Values marked with * represents statistically

significant inter-group differences using χ2 test.

https://doi.org/10.1371/journal.pone.0184284.g002

Table 2. The morphology of meibomian glands in subjects with and without primary Sjögren´s syndrome.

Parameters N Control group N pSS group P value

MG loss_UL, % 31 24.4±8.5 32 33.8±13.2 0.004*

Range 9.6–45.2 19.6–85.2

MG loss_LL, % 31 43.0±9.6 33 52.5±15.7 0.012*

Range 28.5–62.4 27.1–89.3

MG thickness, Image J unit 31 18.4±3.0 32 19.5±3.8 0.224

Range 12.3–23.7 9.7–26.6

MG length, Image J unit 31 290.3±47.3 32 277.8±49.2 0.476

Range 198.2–378.9 138.2–348.0

MG gap, Image J unit 31 16.3±2.4 32 15.7±1.8 0.235

Range 11.2–22.1 10.5–18.1

MG = meibomian gland; UL = upper lid; LL = lower lid. Values marked with * represent statistically significant inter-group difference adjusted for age using

general linear model.

https://doi.org/10.1371/journal.pone.0184284.t002
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Discussion

The current study demonstrated a higher score of subjective dry eye symptoms, elevated tear

film osmolarity, less stable tear film, decreased tear production, more meibomian gland atro-

phy, as well as more lid margin abnormalities in a Norwegian cohort of patients with pSS com-

pared to that of the age- and gender-matched control group.

The ocular surface tear film consists of mucin, aqueous, and lipid layers. The mucin layer is

secreted by the goblet cells and the ocular surface epithelium, aqueous components are

secreted from the lacrimal gland, and the lipid layer is formed by MG secretion (meibum),

which acts to prevent excessive tear evaporation. The tear film spreads across the ocular sur-

face by blinking, and the TBUT value is considered an index of tear film instability. When tear

film break-up occurs within the blink interval, it is assumed to give rise to local drying and

hyperosmolarity of the exposed surface, to surface epithelial damage, and to a disturbance of

glycocalyx and goblet cell mucins. The latter consequently exacerbates the tear film instability

as part of a vicious circle of events [28].

Decreased aqueous production is known to be a major component of pSS-related ocular

surface abnormality [4]. As shown in our study, a lower value of Schirmer I test and TMH in

patients with pSS were found, compared to that of age- and gender-matched control group,

and 63% of the pSS patients had Schirmer I test� 5mm. It should be noted, however, that

patients with SS often exhibit more severe changes in the ocular surface than do dry eye

patients without SS [9, 29]. Tear evaporation rate was reported to be significantly higher in

aqueous tear-deficient dry eyes in patients with SS compared with non-SS aqueous tear-defi-

cient dry eyes [8]. Therefore, it is suggested that the combination of aqueous deficient dry eye

and evaporative dry eye have amplified the dry eye state in SS patients.

Embedded in parallel rows in the tarsal plates of the eyelids, there are approximately 30–40

of MGs in the UL and 20–30 MGs in the LL [30]. Meibum is secreted through the orifices

located on the lid margin into the marginal reservoirs and then spread over the pre-ocular tear

film in the up-phase of each blink. Meibomian gland dysfunction is the major cause of evapo-

rative dry eye. The clinical key signs of MGD include MG dropout (the loss of acinar tissue

detected by meibography), altered MG secretion, and change in lid morphology.[31] In the

normal population, hyposecretion of meibum and MG dropout are associated with aging [16,

32], which is in accordance with our finding that the MG loss in LL correlated positively with

age in the control group.

Meibomian gland is an androgen target organ, and androgen deficiency is a risk factor for

the development of MGD.[33, 34] Women with SS have been shown to be androgen-deficient

[35]. Accordingly, in the present study, we found that subjects with pSS displayed a higher

degree of MGD than the controls, evident from higher MG loss and a higher incidence of lid

margin abnormalities. Surprisingly, no statistically significant difference in MG expressibility

and meibum quality per gland was detected between the groups in the current study. These

findings may support Jester et al.´s hypothesis that the key factor in clinical MGD is the defects

in MG acinar differentiation and function leading to gland atrophy, as opposed to a mecha-

nism involving duct hyperkeratinization leading to obstruction, dilation and disuse atrophy

[36]. Moreover, the pathogenesis of MGD in patients with and without SS may differ. Using

laser-scanning in vivo confocal microscopy to evaluate morphologic changes in MGs, discern-

ible patterns of MG abnormalities in SS and non-SS MGD have been found [11]. In patients

with non-SS MGD, the increased diameters of acinar units and orifices and high-reflective

secretion could be attributed to qualitative changes of the MG secretion and to subsequent

MG obstruction. In contrast, less acinar dilatation, lower secretion reflectivity, and decreased

orifice diameter were detected in patients with SS, suggesting a minor role for the obstructive
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pathogenetic mechanism [11]. In addition, the SS patients demonstrated higher inhomoge-

neous appearance of the interstice of the acinar unit compared to non-SS MGD patients and

healthy subjects, which was interpreted to represent inflammation in the eyelid margin and

tarsal plate.

Using non-contact infrared meibography, Menzier and associates [10] reported higher MG

dropout score in patients with SS compared to control subjects without dry eye. However,

unlike the current study, the MG dropout score in their study was a sum of the scores for the

UL and LL. The relative contribution of the glands in the UL and the LL is unknown. Although

the MGs in the LL are wider than the UL [37], there are a greater number of MGs in the UL

than in the LL. Further, the individual MGs are longer in the UL than in the LL [30, 38, 39].

The contribution of meibum by the UL might thus be greater than the LL [30]. Therefore, we

separately analyzed MG loss for UL and LL. In line with the former studies [15, 16], our results

showed higher MG loss in the LL, compared to that of UL. Also, a higher percentage of MG

loss in both lids in pSS patients compared to the control group in the current study supports

the data from previous studies [9, 11] demonstrating more MG atrophy in the LL in patients

with SS compared to the control group. Furthermore, the negative correlation between MG

loss in UL and TBUT in the pSS group in the current study is in compliance with findings by

Mathers et al. that patients with MG dropout, and especially those with low tear production by

Schirmer test, have an increased risk of dry eye developing through increased evaporation

[40]. The MG length, thickness and gap in the UL did not show statistically significant differ-

ence in pSS patients and control group. It might be caused by the fact that only the three most

representative MGs in the UL were chosen to calculate the values. Further studies using more

sophisticated evaluation parameters are warranted to elucidate the mechanism of MGD in

patients with SS.

Dry eyes, either due to insufficient tear production or excessive tear evaporation, have

increased concentration of tear film constituents, as manifested by elevated osmolarity and

rapid TBUT [41]. Hyperosmolarity has been shown to provide a pro-inflammatory stress to

the ocular surface [42, 43]. Using factor analysis, conjunctival staining with rose bengal and

superior corneal staining with fluorescein was found, among 90 clinical characteristics, to

account for the greatest variance (14.7%) in patients with pSS [44]. Hyperosmolarity and

increased friction associated with the lid movement in the pSS group might have caused

defects of the cornea and conjunctiva, leading to higher grade of staining [45, 46]. The epithe-

lial injury caused by dry eye stimulates corneal nerve endings, leading to symptoms of discom-

fort and increased blinking [4], which may explain higher blink frequency in our pSS group.

The cause of pSS-related ocular surface changes is multifactorial. Besides aqueous defi-

ciency and the MG atrophy, decreased goblet cell density [47] and reduction in expression of

MUC 19 and MUC5AC were found in patients with SS. This is consistent with the significant

decrease in mucous secretion in these patients [48, 49]. Mucins deficiency may therefore in

part explain tear film instability and disruption of the ocular surface homeostasis in SS. Such

investigations, however, were beyond the scope of current study.

Although dry eye is usually symptomatic, some studies showed a lack of association

between clinical signs and symptoms of DED [50–52]. For instance, a study by Sullivan et al.

[52] demonstrated that more than 40% of subjects with clear objective evidence of dry eye

disease are asymptomatic. Also, according to TFOS DEWS II epidemiology report[53], preva-

lence of DED for studies involving symptoms with or without signs ranged from approxi-

mately 5% to 50%, while studies where the diagnosis was based primarily on signs reported

higher and more variable rates of DED, up to 75% in certain population [54]. Several partici-

pants in the control group, although asymptomatic, demonstrated pathological signs in the
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clinical dry eye tests, thus they could not be regarded as truly “healthy” subjects. However, they

may be more representative of the age-matched normal population.

DED impairs the quality of life of patients with pSS; hence, management of DED is impor-

tant for treatment of pSS. The current study revealed alterations in tear film stability, aqueous

tear production, and meibomian gland morphology. Our results indicate that MGD is

involved, at least in part, in the pathogenesis of DED in pSS. The knowledge gained in the pres-

ent study further our understanding of the underlying mechanisms of DED in pSS and may

therefore offer clues for improved therapeutic treatment.
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PLOS ONE | https://doi.org/10.1371/journal.pone.0184284 September 8, 2017 11 / 13

https://doi.org/10.1016/j.autrev.2015.03.008
https://doi.org/10.1016/j.autrev.2015.03.008
http://www.ncbi.nlm.nih.gov/pubmed/25842074
http://www.ncbi.nlm.nih.gov/pubmed/17508116
http://www.ncbi.nlm.nih.gov/pubmed/17508117
https://doi.org/10.1097/ICL.0000000000000064
https://doi.org/10.1097/ICL.0000000000000064
http://www.ncbi.nlm.nih.gov/pubmed/25232992
https://doi.org/10.1038/eye.2016.186
http://www.ncbi.nlm.nih.gov/pubmed/27518547
https://doi.org/10.1016/j.ajo.2007.03.055
http://www.ncbi.nlm.nih.gov/pubmed/17509507
https://doi.org/10.1016/S0161-6420(98)98033-2
https://doi.org/10.1016/S0161-6420(98)98033-2
http://www.ncbi.nlm.nih.gov/pubmed/9709762
https://doi.org/10.1167/iovs.14-13864
http://www.ncbi.nlm.nih.gov/pubmed/25574045
https://doi.org/10.1167/iovs.10-5995
http://www.ncbi.nlm.nih.gov/pubmed/21169534
https://doi.org/10.1097/OPX.0b013e318253de93
http://www.ncbi.nlm.nih.gov/pubmed/22525129
https://doi.org/10.3109/02713683.2014.971929
http://www.ncbi.nlm.nih.gov/pubmed/25330304
https://doi.org/10.1016/j.ajo.2013.01.008
https://doi.org/10.1016/j.ajo.2013.01.008
http://www.ncbi.nlm.nih.gov/pubmed/23465270
https://doi.org/10.1097/OPX.0b013e318244e487
http://www.ncbi.nlm.nih.gov/pubmed/22246333
https://doi.org/10.1016/j.ophtha.2007.06.031
https://doi.org/10.1016/j.ophtha.2007.06.031
http://www.ncbi.nlm.nih.gov/pubmed/18452765
http://www.ncbi.nlm.nih.gov/pubmed/10815152
http://www.ncbi.nlm.nih.gov/pubmed/3668156
http://www.ncbi.nlm.nih.gov/pubmed/15097131
https://doi.org/10.1097/ICO.0000000000000575
http://www.ncbi.nlm.nih.gov/pubmed/26266429
http://www.ncbi.nlm.nih.gov/pubmed/14508260
https://doi.org/10.1097/ICO.0b013e31816583f6
http://www.ncbi.nlm.nih.gov/pubmed/18520496
https://doi.org/10.1155/2016/6210853
https://doi.org/10.1155/2016/6210853
http://www.ncbi.nlm.nih.gov/pubmed/27293876
https://doi.org/10.1371/journal.pone.0184284


24. Tomlinson A, Khanal S, Ramaesh K, Diaper C, McFadyen A. Tear film osmolarity: determination of a

referent for dry eye diagnosis. Investigative ophthalmology & visual science. 2006; 47(10):4309–15.

https://doi.org/10.1167/iovs.05-1504 PMID: 17003420.

25. Kim KT, Kim JH, Kong YT, Chae JB, Hyung S. Reliability of a new modified tear breakup time method:

dry tear breakup time. Graefe’s archive for clinical and experimental ophthalmology = Albrecht von

Graefes Archiv fur klinische und experimentelle Ophthalmologie. 2015; 253(8):1355–61. https://doi.org/

10.1007/s00417-015-3080-5 PMID: 26092632.

26. Methodologies to diagnose and monitor dry eye disease: report of the Diagnostic Methodology Sub-

committee of the International Dry Eye WorkShop (2007). The ocular surface. 2007; 5(2):108–52.

PMID: 17508118.

27. Danjo Y. Diagnostic usefulness and cutoff value of Schirmer’s I test in the Japanese diagnostic criteria

of dry eye. Graefe’s archive for clinical and experimental ophthalmology = Albrecht von Graefes Archiv

fur klinische und experimentelle Ophthalmologie. 1997; 235(12):761–6. PMID: 9439968.

28. Baudouin C, Aragona P, Messmer EM, Tomlinson A, Calonge M, Boboridis KG, et al. Role of hyperos-

molarity in the pathogenesis and management of dry eye disease: proceedings of the OCEAN group

meeting. The ocular surface. 2013; 11(4):246–58. https://doi.org/10.1016/j.jtos.2013.07.003 PMID:

24112228.

29. Whitcher JP, Shiboski CH, Shiboski SC, Heidenreich AM, Kitagawa K, Zhang S, et al. A simplified quan-

titative method for assessing keratoconjunctivitis sicca from the Sjogren’s Syndrome International Reg-

istry. American journal of ophthalmology. 2010; 149(3):405–15. https://doi.org/10.1016/j.ajo.2009.09.

013 PMID: 20035924; PubMed Central PMCID: PMC3459675.

30. Greiner JV, Glonek T, Korb DR, Whalen AC, Hebert E, Hearn SL, et al. Volume of the human and rabbit

meibomian gland system. Advances in experimental medicine and biology. 1998; 438:339–43. PMID:

9634906.

31. Tomlinson A, Bron AJ, Korb DR, Amano S, Paugh JR, Pearce EI, et al. The international workshop on

meibomian gland dysfunction: report of the diagnosis subcommittee. Investigative ophthalmology &

visual science. 2011; 52(4):2006–49. https://doi.org/10.1167/iovs.10-6997f PMID: 21450918; PubMed

Central PMCID: PMC3072162.

32. Den S, Shimizu K, Ikeda T, Tsubota K, Shimmura S, Shimazaki J. Association between meibomian

gland changes and aging, sex, or tear function. Cornea. 2006; 25(6):651–5. https://doi.org/10.1097/01.

ico.0000227889.11500.6f PMID: 17077655.

33. Schaumberg DA, Nichols JJ, Papas EB, Tong L, Uchino M, Nichols KK. The international workshop on

meibomian gland dysfunction: report of the subcommittee on the epidemiology of, and associated risk

factors for, MGD. Investigative ophthalmology & visual science. 2011; 52(4):1994–2005. https://doi.org/

10.1167/iovs.10-6997e PMID: 21450917; PubMed Central PMCID: PMC3072161.

34. Sullivan DA, Sullivan BD, Evans JE, Schirra F, Yamagami H, Liu M, et al. Androgen deficiency, Meibo-

mian gland dysfunction, and evaporative dry eye. Annals of the New York Academy of Sciences. 2002;

966:211–22. PMID: 12114274.

35. Sullivan DA, Belanger A, Cermak JM, Berube R, Papas AS, Sullivan RM, et al. Are women with Sjo-

gren’s syndrome androgen-deficient? The Journal of rheumatology. 2003; 30(11):2413–9. PMID:

14677186.

36. Jester JV, Parfitt GJ, Brown DJ. Meibomian gland dysfunction: hyperkeratinization or atrophy? BMC

ophthalmology. 2015; 15 Suppl 1:156. https://doi.org/10.1186/s12886-015-0132-x PMID: 26817690;

PubMed Central PMCID: PMC4895318.

37. Knop E, Knop N, Millar T, Obata H, Sullivan DA. The international workshop on meibomian gland dys-

function: report of the subcommittee on anatomy, physiology, and pathophysiology of the meibomian

gland. Investigative ophthalmology & visual science. 2011; 52(4):1938–78. https://doi.org/10.1167/iovs.

10-6997c PMID: 21450915; PubMed Central PMCID: PMC3072159.

38. Jester JV, Nicolaides N, Smith RE. Meibomian gland studies: histologic and ultrastructural investiga-

tions. Investigative ophthalmology & visual science. 1981; 20(4):537–47. PMID: 7194327.

39. Kozak I, Bron AJ, Kucharova K, Kluchova D, Marsala M, Heichel CW, et al. Morphologic and volumetric

studies of the meibomian glands in elderly human eyelids. Cornea. 2007; 26(5):610–4. https://doi.org/

10.1097/ICO.0b013e318041f0d2 PMID: 17525661.

40. Mathers WD. Ocular evaporation in meibomian gland dysfunction and dry eye. Ophthalmology. 1993;

100(3):347–51. PMID: 8460004.

41. Tomlinson A, Khanal S. Assessment of tear film dynamics: quantification approach. The ocular surface.

2005; 3(2):81–95. PMID: 17131012.

42. Luo L, Li DQ, Corrales RM, Pflugfelder SC. Hyperosmolar saline is a proinflammatory stress on the

mouse ocular surface. Eye & contact lens. 2005; 31(5):186–93. PMID: 16163009.

Meibomian gland in primary Sjögren´s syndrome
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