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a b s t r a c t

The evaluation of morphological changes of the acini in the meibomian glands is important for the
diagnosis and management of dry eye related to meibomian gland dysfunction. While several tools have
been developed to detect meibomian gland structure, infrared imaging is generally used in clinical
settings. Unlike the lipid component analysis of tear film in which quantitative analysis is possible, the
meibomian glands are limited to qualitative analysis because of the low image quality of the diagnostic
tools. This review describes diagnostic tools, especially in terms of morphological evaluation of the acini,
which are visualized by the existence of lipid within them.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction1

The lipid component from the meibomian glands is essential
for the maintenance of the tear film and related to ocular surface
health and integrity (Arita et al., 2008; Knop et al., 2011;
Nicolaides et al., 1981). The evaporation of the aqueous compo-
nent in the tear film is affected by its lipid component (Nichols
et al., 2011). Meibomian gland dysfunction (MGD) occurs from
the change of the lipid quality in tear film or the secretory func-
tion of the lipid component caused by low delivery and high de-
livery states of meibomian gland secretion (Geerling et al., 2017;
Nelson et al., 2011). Several studies have reported that MGD was
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observed in a large portion of patients with dry eye and is
currently noted as one of the main causes of dry eye (Bron and
Tiffany, 2004; Geerling et al., 2017; Lemp et al., 2012; Qiao and
Yan, 2013; Tong et al., 2010).

Despite the importance of MGD, diagnostic criteria for MGD
have not been completely established to date. Moreover, several
diagnostic tools have been introduced and then disappeared for
evaluation of the lipid component in the tear film or acini. Diag-
nostic tools, especially with respect to morphological evaluation of
the acini, are discussed in this brief review.

2. Development of diagnostic tools for meibomian gland
dysfunction

Several diagnostic tools have been developed to diagnose MGD.
Tear osmolarity, tear break-up time, oil imprinting, and lipid layer
thickness aim tomeasure the lipid component in the tear film (Finis
et al., 2013; Tomlinson et al., 2011). The functional aspects of MGD
are evaluated by the effects of the appropriate lipid amount and
quality on tear film stability. In contrast, imaging techniques
including transillumination (Jester et al., 1982; Robin et al., 1985;
Tapie, 1977; Yokoi et al., 2007), non-contact infrared (IR) light
(Arita et al., 2008), confocal microscopy (Matsumoto et al., 2008;
Messmer et al., 2005; Villani et al., 2011), and optical coherence
tomography (OCT, Hwang et al., 2013); provide morphological
evaluations of the meibomian glands (Fig. 1) (Pult and Nichols,
2012; Tomlinson et al., 2011).

Background information from a morphological evaluation of the
meibomian glands such as the acini or ducts would support a
diagnosis of MGD. Recently, newly proposed diagnostic and grading
tools for MGD have included meibomian gland dropout as one of
the parameters (Arita et al., 2016; Milner et al., 2017; Nichols et al.,
2011; Tsubota et al., 2017). Articles have emphasized the impor-
tance of morphological evaluation as well as a grading system.
Moreover, gland dropout was divided into whole gland dropout
and partial gland dropout by Arita et al. (2016) in a new grading
scale for MGD.

Transillumination was first introduced to visualize the detailed
structure of the meibomian glands by Tapie (1977). A contact tool
such as a plate or probe-type illuminator must be utilized for
measurement, and complete contact between the eyelid and con-
tact tool guarantees good image quality. IR transillumination im-
aging was introduced by Jester et al. (1982); they obtained
meibomian gland images from rabbits. Arita et al. (2008) first
introduced IR meibography as a non-contact method. Later,
Fig. 1. Development of the imaging technique fo
confocal microscopy and OCT techniques were introduced to
visualize the detailed structure of the meibomian glands more
precisely (Hwang et al., 2013; Matsumoto et al., 2008; Messmer
et al., 2005; Villani et al., 2011). The features of each device were
described in Table 1.
3. Infrared meibography

IR imaging has been the most widely used tool for detecting
gland dropout in patients with MGD. IR imaging can be obtained by
adding an IR-transmitting filter and IR-sensitive camera to detect IR
light from a slit lamp in an outpatient clinic (Arita et al., 2008). In
addition to the simplicity of IR imaging, one image is sufficient to
cover the entire area of the meibomian glands located in the upper
and lower eyelids. Arita et al. (2009a, 2009b, 2010, 2016) reported
the efficacy of IR imaging as well as diagnostic criteria for evalu-
ating MGD.

Because the commercial IR noncontact meibography systems
use shorter wavelength IR (800e940 nm [Arita et al., 2014; Kent,
2013; Srinivasan et al., 2012]) than that of OCT (1300 nm), IR
noncontact meibography is limited to penetrating the palpebral
conjunctiva. Meibomian glands are located beyond the palpebral
conjunctiva and the palpebral conjunctiva in patients with MGD
had a tendency to be thickened compared with those of subjects
without dry eye disease (Liang et al., 2015). As a result, there are
some limitations to IR imaging. One is that IR meibography
provides a frontal-plane two-dimensional (2D) image created by
overlapping all images from a limited range of depths. Thus, the
acquired images have no depth information about the meibo-
mian glands. The other limitation is caused by a misunder-
standing of the obtained images because of the different
contrasts obtained according to the strength of the external light
source (Fig. 2). In contrast to IR imaging, there is almost no
change in image quality depending on the intensity of the light
source in OCT imaging (Leitgeb et al., 2003). However, commer-
cial devices such as the Keratograph® 5M (K5M; Wetzlar, Ger-
many), Cobra® fundus camera (CSO and bon Optic
VertriebsgmbH, Germany), and LipiView® (TearScience Inc.,
Morrisville, NC, USA) provide contrast enhancement for acquired
images using software in the devices. Additionally, when grading
gland dropout using a linear four-point integer scale, a high rate
of disagreement was reported between two different IR images
from two IR non-contact meibography modalities due to image
quality differences (Ngo et al., 2014).
r visualizing meibomian gland morphology.



Table 1
Comparison of infrared non-contact meibography, confocal microscopy, and optical coherence meibography.

IR Non-contact Meibography Confocal Microscopy OCT Meibographyd

Field-of-View It is possible to include almost all the meibomian
glands in the upper or lower eyelid in one image

400 � 400 mma 4.3 � 4.3 mm

Advantages Available in the clinical field
Fast IR image acquisition

Extensive examination of acini
(acinar density and diameter, inflammation around
acini, and secretion reflectivity)b

Imaging resident Demodex mitesc

Provides depth information
Enhanced visibility
(detailed conformations of acini and/or ducts)

Disadvantages No depth information
Misunderstanding due to the intensity of the
light source
Disagreement between different IR images due
to image quality differences

Does not include all the meibomian glands in the
upper or lower eyelid in one image (small field of
view)
Requires a learning curve to obtain a quality image
Requires the use of topical anesthesia

Does not include all the meibomian glands in the
upper or lower eyelid in one image
No commercially available device
Motion artifacts caused by pulsation or breathing
occur for approximately 5 s during the
examination
Requires a long time to render a 3D image

3D ¼ three-dimensional, IR ¼ infrared, OCT ¼ optical coherence tomography.
a Field-of-view for confocal microscopy was based on the studies by Ibrahim et al. (2010, 2012) and Matsumoto et al. (2008).
b Matsumoto et al. (2008); Messmer et al. (2005); Villani et al. (2011).
c Randon et al. (2015).
d Detailed values for OCT meibography are based on the study by Yoo et al. (2017).
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4. OCT meibography

In vivo 3D images of the meibomian glands using OCT was first
introduced by Hwang et al. (2013) and OCT imaging could provide
depth information and enhanced visibility compared with IR im-
ages. Although IR images could confirm definitely abnormal
structures of the meibomian glands including gland dropout, the
images cannot confirm the anatomic details of the gland structures
(Yoo et al., 2017). A high-speed swept-source laser system (50 KHz)
used a 1300-nm OCT light source to penetrate the bottom layer of
the meibomian glands. Comparison studies using light sources of
different wavelengths demonstrated that a 700-nm light source
had 4.3 times greater scattering and absorption coefficients in the
epidermal skin than those of a 1300-nm light (Salomatina et al.,
2006; Tuchin, 2007). These characteristics of longer-wavelength
light improved the OCT imaging depth and enabled visualization
of deeper regions of the meibomian glands. In IR imaging, however,
high scattering around 700-nm lights could lead to blurriness in
images acquired from the frontal layer of the meibomian glands
(Yoo et al., 2017).

OCT images yielded detailed conformations of acini and/or ducts
(in the case inwhich there is no stricture above the ducts, as shown
in Fig. 3B) in the deep layer of the meibomian glands and dropout
lesions, which could not be obtained via IR imaging (Fig. 3). The
portion where there is no actual structure (Fig. 3C) appears as a
dropout on both IR and OCT imaging. The portion where the
structure actually exists cannot be seen as a dropout on IR imaging
(Fig. 3B Left), but the structure can be seen on OCT imaging (Fig. 3B
Right). OCT images included the acinar and ductal structures
located in the deep layer while IR could not detect these structures
because of its short penetration depth compared with OCT.
Fig. 2. Representative images showing different image qualities according to the intensity
human upper eyelid specimen was used in this comparison and it was taken by non-contac
camera introduced by Arita et al. (2008).
Recently, some studies have reported that OCT images provided
more detailed structures of deep-layer meibomian glands
compared with IR imaging (Liang et al., 2015; Napoli et al., 2016;
Yoo et al., 2017). However, OCT meibography has some limita-
tions in the measurement area, which cannot cover the entire area
of the meibomian glands in the eyelids, and data processing for
rendering three-dimensional (3D) images requires a long duration.
The other limitation is that the clinical ophthalmologist cannot use
OCT meibography, unlike non-contact meibography.

5. Quantification of the acinar area in the meibomian glands

Our study provided anatomic details of meibomian gland
dropout by using OCT meibography and IR imaging (Yoo et al.,
2017). Although OCT imaging could be considered to determine
actual losses of or changes in the meibomian glands, a quantitative
analysis of acinar size is necessary to determine their actual func-
tion in the meibomian glands. Throughout the segmentation
methods, the quantification of acini was performed using OCT
meibography. Sharp-margin OCT images of the acini were not ob-
tained because of a relatively small difference in the index of
refraction between acini (meibocytes) and tarsus as well as their
overlapping boundaries. Hence, we performed an ex vivo study
using human upper eyelid specimens to obtain good-quality OCT of
the acini.

Measuring the area of the acini at different depths from each
OCT image would support the availability of a method for diag-
nosing MGD. Fig. 4 shows an example of measuring acinar areas at
three different depths of the meibomian glands. Each acinar area
was calculated in pixels to provide numerical values (Fig. 5).
Quantification of the acini in the meibomian glands through
of the light source when measuring infrared (IR) images of the meibomian glands. A
t IR meibography, which was composed of an IR-transmitting filter and an IR-sensitive



Fig. 3. Meibomian gland images from optical coherence tomography (OCT). Normal meibomian glands have uniform and properly sized acini (A). At the dropout lesion, the
remaining duct is found in the deep layer (B). At the dropout lesion, we can observe a few acini in the deep layer (C). The area reconstructed using OCT is marked with a red
rectangle (the measured area of A, B, and C were 4 � 2.8 mm, 4 � 4 mm, and 4 � 4 mm, respectively) and the dropout area on the infrared images is marked with a yellow rectangle.

Fig. 4. Three imaging planes were selected from two-dimensional (2D) images at different levels. Depth information from optical coherence tomography imaging demonstrates this
analysis. Left panel is a perspective view of a 3D rendered image and right panels are en face images. The white scale bar represents 1 mm.
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segmentation of the acini fromOCT images was used as a diagnostic
tool for morphological evaluation. The lateral resolution and field-
of-view of the real-time swept-source OCT system we used were
8.6 mm and 4.3 � 4.3 mm, respectively. In addition, we are now
developing 3D software program for measuring the volume of acini
in MGs. As a next step, we are preparing further quantification of
entire volume of acini using a new developed 3D software program.

Recently, OCT technology was applied to histologic examination,
which is called optical coherence microscopy (OCM). OCM can
provide high-resolution transverse imaging by using high numer-
ical aperture lenses because OCM does not depend on high axial
resolution for optical sectioning (Leitgeb, 2017). OCM has an
advantage of a large field-of-view and multi-scale imaging
compared with confocal imaging. Anatomic structures in brain
tissue could be differentiated on OCM images and this technique
was comparable to traditional histology staining (Min et al., 2015).



Fig. 5. Segmentation and calculation of the acinar area in the meibomian glands. A segmentation method is used in the quantification of the acini. Each acinus shows high contrast
compared with other lesions. These contrast differences make segmentation of the acini possible. Each acinar area is filled with a different color in each image. The imaging plane of
the upper layer is 0.8 mm below the palpebral conjunctiva. The middle and lower layers are 0.9 mm and 1.0 mm below the surface, respectively. The area analyzed using the
segmentation method is marked with a yellow rectangle. The white scale bar represents 1 mm.
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The application of OCM analysis to the study of meibomian glands
would be another way to understand the pathophysiology in terms
of structural changes of the acini and ducts in the meibomian
glands.

6. Future of meibomian gland dysfunction diagnosis

Dry eye related to MGD was not explained by one parameter
alone because of the pathophysiology of MGD. Although the
pathophysiology has not been clearly revealed, MGD and dry eye
share a vicious cycle and are interrelated (Geerling et al., 2017;
Maskin and Thomas, 2007; Nichols et al., 2011; Tomlinson et al.,
2011). The lipid component in the tear film and acini in the mei-
bomian glands could be evaluated simultaneously in the diagnosis
of MGD. Hence, quantitative analysis tools for acinar lipids should
also be developed in the future so that lipid analysis of the tear film
can be used in clinical settings. With these devices, a new fine-scale
grading system also contributes to the diagnosis of MGD (Pult and
Nichols, 2012; Nelson et al., 2011; Ngo et al., 2014).
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