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PURPOSE. This study represents a first step toward the evaluation
of possible compositional differences in meibum from normal
donors (Mn) and donors with meibomian gland dysfunction (Md)
by 1H-NMR spectroscopy. The results highlight the applicability of
1H-NMR spectroscopy for the quantitative analysis of waxes, cho-
lesteryl esters, and glycerides in meibum lipid (ML).

METHODS. Meibum was obtained from 41 normal donors and 51
donors with meibomian gland dysfunction (MGD). 1H-NMR
spectroscopy was used to quantify the amount of waxes, glyc-
erides, and cholesteryl esters in human meibum.

RESULTS. The relative amount of cholesteryl esters in Mn increased
with age and was 40% (P � 0.05) lower in Md. Interestingly, the
relative levels of cholesteryl esters in infant meibum were com-
parable to those in Md. The relative amounts of glycerides were
not affected significantly by age or MGD.

CONCLUSIONS. The changes in cholesteryl ester could be used as
a molecular marker for MGD and could potentially be applied
to follow the efficacy of drug therapy in the treatment of MGD.
The similarity of the levels of cholesteryl esters in infant
meibum and Md suggests that the relative amounts of these
meibum components alone are unlikely to be responsible for
the increased stability of the infant tear film and decreased
stability of the tear film with MGD. This study reveals the
complexity of human MLs and the changes that occur with age
and disease. Understanding the factors that lead to such varia-
tions is of utmost relevance in the design of effective therapies.
(Invest Ophthalmol Vis Sci. 2011;52:7350–7358) DOI:
10.1167/iovs.11-7391

Meibum lipids (MLs) are important for tear film stability,1

and changes in their composition with meibomian gland
dysfunction (MGD) may contribute to dry eye symptoms.2,3

Thin layer chromatography, high pressure liquid chromatogra-
phy,4–14 gas chromatography with mass spectrometry (MS)
detection,4–6,9–16 electron spray ionization tandem MS,17–19

and atmospheric pressure chemical ionization MS analysis20–25

have been applied to separate and quantify human meibum
components. The ranges of values reported in the literature for
the absolute and relative contents of waxes, cholesteryl esters,
triglycerides, and phospholipids in human meibum are quite
large.26

The mass spectrometric techniques used have provided a
wealth of compositional and structural details that cannot be
obtained with spectroscopic techniques such as Fourier trans-
form infrared (FTIR) and nuclear magnetic resonance (NMR)
spectroscopies. It is promising that current spectrometric lip-
idomic analytic methods could be used to quantify changes in
human meibum with age, sex, dry eye symptoms, and types.
However, as Robvosky et al.27 have noted, this is a challenging
undertaking because “every possible fatty acid conjugate that is
resolved chromatographically must be measured (potentially
with separate internal standards) to accurately quantify total
pools of the derived individual lipid classes.” The need of
internal standards for accurate quantification is due to differ-
ences in ionization efficiency for the various lipid classes found
in meibum.

Infrared and Raman spectroscopy have been applied to
study hydrocarbon chain conformation in meibum and have
provided limited information regarding meibum composi-
tion.28–36 These techniques may be applicable to high-through-
put screening and FTIR spectroscopy has been applied re-
cently as a diagnostic tool.32,33 The advantage of spectroscopic
techniques is that the sample is not destroyed in the process of
analysis and the same sample can be analyzed later by other
techniques including mass spectrometry. NMR analysis has
been used to identify and characterize new lipids in the human
lens.37–42 No NMR studies have been performed to assess
possible changes in human meibum with age or MGD. The
results of this present study represent a first step toward the
evaluation of possible compositional differences in human
meibum from normal donors (Mn) and from those with MGD
(Md) with the use of 1H-NMR spectroscopy.

MATERIALS AND METHODS

Materials

Cyclohexane-d12, tetrahydrofuran (THF), and methanol (MeOH) were
obtained from Sigma Chemical Company (St. Louis, MO).
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Clinical Diagnosis

Subjects were recruited from the Kentucky Lion’s Eye Center and the
Robley Rex Veterans Affairs Medical Center in Louisville, KY. Normal
status was assigned when the subject’s meibomian gland orifices
showed no evidence of keratinization or plugging with turbid or
thickened secretions, and no dilated blood vessels were observed on
the eyelid margin.

The diagnosis of MGD was made according to the criteria of Foulks
and Bron.43 Plugging of the meibomian glands of at least five of ten
orifices in the central portion of the upper eyelid was required for
diagnosis of MGD. The secretion expressed by the meibomian gland
had to be turbid, turbid with clumps, or paste-like. Both inflammation
of the eyelid margin, as evidenced by swelling of the eyelid margin, and
2� vascular injection of the posterior lid margin were necessary for
diagnosis. The presence of telangiectasia of the posterior eyelid margin
was confirmatory of chronic disease but not required for entry. Tear
film stability was determined by instillation of sodium fluorescein into
the tear film. Tear breakup time was �5 seconds for all Md subjects
sampled.

Collection and Processing of Human Meibum

Written informed consent was obtained from all donors. Protocols and
procedures were approved by the University of Louisville Institutional
Review Board as well as the Robley Rex Veterans Affairs Institutional
Review Board. All procedures were in accord with the Declaration of
Helsinki. Meibomian gland expression was done by compressing the
eyelid between cotton-tipped applicators, with strict attention to avoid
touching the eyelid margin during expression. All four eyelids were
expressed, and approximately 1 mg of meibum was collected per
individual for direct spectroscopic study. The expressate was collected
with a platinum spatula and immediately spread onto a AgCl window
and into 0.5 mL of THF/MeOH, 3:1, vol:vol in a 9-mm microvial
(secured with a Teflon cap; MicroLiter Analytical Supplies Inc., Su-
wanee, GA). Argon gas was bubbled onto the samples to prevent
oxidation. Samples on the AgCl window and in the vial were capped
and frozen under argon gas until analysis. Analyses were performed
within 3 weeks of collection of the sample. Storage of the sample on
AgCl windows for over 2 months under argon did not affect the
sample.30 Before NMR analysis, the THF/MeOH in the microvial con-
taining ML was evaporated with a stream of argon gas.

After infrared analysis and solvent evaporation, ML was removed
from the AgCl window using a series of solvents with different hydro-
phobicities to ensure that all lipid classes were extracted from the
window. First, the AgCl window was placed with the ML side down
into a 15-mL glass scintillation vial containing 1 mL of hexane, and
purged with argon gas to avoid oxidation. A glass vial rather than a
plastic one was used in all protocols to avoid plasticizer contamination.
The vial was sonicated in an ultrasonic bath (Branson 1510; Branson
Ultrasonics, Danbury, CT) for 10 minutes. The hexane was decanted
into the microvial containing the ML rinsed from the spatula. The
hexane was evaporated under a stream of nitrogen gas. Methanol (1.5
mL) was then added to the scintillation vial containing the AgCl
window and then purged with argon gas. The vial was sonicated in an
ultrasonic bath (Branson Ultrasonics) for 10 minutes. The methanol

was decanted into the microvial containing the ML rinsed from the
spatula and was evaporated under a stream of nitrogen gas. THF/MeOH
(1.5 mL) was added to the scintillation vial containing the AgCl win-
dow and then purged with argon gas. The vial was sonicated in an
ultrasonic bath (Branson Ultrasonics) for 10 minutes The microvial
containing the extracted ML was lyophilized for 12 hours to remove
trace amounts of organic solvents. Finally, deuterated cyclohexane (0.5
mL) was added to the sample and sonicated (Branson Ultrasonics) for
10 minutes in a bath sonicator. The solution was transferred to glass
NMR tubes (Sigma Chemical Co.) and NMR spectra were collected.

NMR Spectral Measurements

Spectral data were acquired (Inova-500 spectrometer; Varian, Lexing-
ton, MA). The following parameters were used: 800 scans were ac-
quired with a spectral width of 15 parts per million (ppm), 60° pulse,
4-K data points, 1.0-second delay time, and 2.049-second acquisition
time at 25°C. Commercial software (GRAMS 386; Galactic Industries
Corp., Salem, NH) was used for spectral deconvolution and curve
fitting. The area of each band was used for the quantification of lipid
composition. The same software was used to carry out principal
component analysis (PCA) to detect subtle differences in the spectral
data.

Statistics

Data are presented as the average � SEM. Statistical significance was
determined using Student’s t-test or the correlation coefficient from the
linear regression best fit. Values for which P � 0.05 were considered
significantly different.

RESULTS

NMR spectra of meibum from 51 donors with MGD (Md) were
compared with those obtained for meibum from 44 normal
donors (Mn). Donor characteristics are provided in Table 1.

1H-NMR spectra of human meibum provide a wealth of
information about the amount and chemical shift � of protons
(Fig. 1). The region below 1.39 ppm (CH2 band) shows 1H
resonances associated with CH3 moieties. Resonances attrib-
uted to protons associated with carbon carbon double bonds
appear between 5 and 6 ppm. Above 6 ppm, the resonances
correspond to protons that are more deshielded due to the
presence of nearby carbonyl groups. Detailed band assign-
ments will appear in future reports.

The region between 4 and 4.8 ppm is of interest to this
study because it contains 1H resonances associated with the
ester groups of cholesteryl esters, glycerides, and waxes (Fig.
1, inset). Waxes exhibit proton resonances between 3.9 and 4
ppm (Fig. 1), corresponding to CH2 protons (Fig. 2). Glycer-
ides display resonances between 4.1 and 4.3 ppm (Fig. 1) also
attributed to CH2 protons of the glycerol backbone (Fig 2). The
broad band at 4.6 ppm (Fig. 1) is attributed to the single
hydrogen attached to carbon 3 of cholesterol that is adjacent to
the acyl linkage of the cholesteryl ester (Fig. 2). The region

TABLE 1. Meibum Donor Grouping and Characteristics

Group
Average Median

Age (y)
Age

Range (y)
Male:Female:

Unknown
Race/Ethnicity, Relative

to C � 1 Number

Infant 1/1 1–2 6:1:0 B 0.24, H 0.2, A 0, U 0.24 7
Child 8/8 3–12 1.3:1:0 B 0, H 0, A 0, U 0 7
Adolescent/Adult 44/52 13–88 8.0:1:0 B 0.05, H 0, A 0.23 27
MGD 67/70 8–87 4.1:1:1.1 B 0.13, H 0.03, A 0, U 0.042 51

MGD, meibomian gland dysfunction; C, Caucasian; B, Black; H, Hispanic; A, Asian; U, unknown. Infant, Child, Adolescent, and Adult groups
were normal.
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between 3.9 and 4.8 ppm was used to quantify the relative
amount of cholesteryl esters, glycerides, and waxes.

1H-NMR spectra of model lipid compounds in known quan-
tities were acquired and, as expected, the area of the reso-
nances at 4.6 and 2.3 ppm (Table 2) varied as the concentra-
tion of cholesteryl ester was changed (Fig. 3). A calibration
curve was constructed by plotting the ratio of integrated areas
of the resonances at 4.6 ppm (due to cholesteryl ester) and 4.1
ppm (due to wax) versus the molar ratio of the model cholesto-
ryl ester and wax (Fig. 4A). The curve was linear with an
intercept of 0, a slope of 0.459 mol/mol, and a correlation

coefficient of 0.9995. A slope of 0.5 is expected since the band
at 4.65 ppm arises from only one hydrogen per mole of cho-
lesterol, whereas the band at 4.08 corresponds to two hydro-
gens per mole of wax. The difference between the expected
value, 0.5, and the actual experimental value, 0.459, may be
explained by the presence of impurities in the model com-
pounds.

To evaluate all the possible spectral variations in the spectra
collected for the model compounds (Table 2), we used
PCA.44–46 PCA has been used to analyze infrared spectra of
human meibum.32,33 PCA is a chemometric approach that
enables the assessment of differences, even very subtle ones, in
a set of spectra. Then, the differences are correlated to a
“principal component” that is a variable, such as cholesteryl
ester and wax content in our case. An eigenvector represents
a constituent that changes its relative contribution from sample
to sample. Using a press plot, we determined that only two
eigenvectors were necessary to describe most of the variance
in the NMR spectra of our model compounds. The actual
values of cholesteryl ester to wax molar ratios were plotted
versus those predicted using PCA analysis (Fig. 4B). They were
linearly correlated, with a slope of 0.89 and correlation coeffi-
cient of r � 0.93. Like the curve in Figure 4A and for the same
reasons, the actual values of cholesteryl ester to wax molar
ratios were slightly lower than the predicted values, thus lead-
ing to the lower than unity slope.

Because the ratio of the integrated areas (Fig. 4A) provided
a standard curve with a correlation coefficient closer to unity
compared with that obtained in the PCA-derived standard
curve (Fig. 4B), we used the curve shown in Figure 4A to
measure the mole fraction of cholesteryl ester to wax (CE:
Wax) in human meibum samples. The average value obtained
for CE:Wax was significantly higher, about twofold (P � 0.05),
for the normal adolescent-to-adult group compared with the
normal infant, child, and MGD groups (Fig. 5, Table 3). The
median value for CE:Wax mole fraction was similar to the average
values for Mn but slightly lower for Md (Table 3). The CE:Wax
molar ratios for “Mn child” were relatively tightly distributed

FIGURE 1. A typical 1H-NMR spectrum of human meibum.

FIGURE 2. Structures of waxes, glycerides, and cholesterol esters dis-
cussed in the text are displayed. Hydrogen atoms that are unique to
these compounds and are detected in 1H-NMR spectra of a standard
mixture of model compounds and human meibum are shown.
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compared with the molar ratios for “Mn adolescent to adult”
and Md (Fig. 6). The CE:Wax molar ratios for “Mn adolescent to
adult” were distributed into three groups (Fig. 6B) and those
for Md were distributed into two groups. The major group for
Md centered near 0.15 molar ratio encompassed approxi-
mately 60% of the samples (Fig. 6C).

Triglyceride was quantified in a standard mixture with a
detection limit of approximately 5 �mol (Fig. 4C). The stan-

dard curve produced by the ratio of the areas due to triglycer-
ides and wax resonances as a function of their molar ratio was
linear, r � 0.986. Even when the areas of the triglyceride
resonances were not normalized to other resonances (Fig. 4D),
the triglyceride standard curve was also linear, r � 0.988,
suggesting that the magnetic field remains stable during the
acquisition time. The two resonances between 4.2 and 4.3
ppm (Fig. 1) were assigned to the four CH2 protons associ-

TABLE 2. Standard Mixtures of Model Compounds Used in This Study

Standard
Number

Molar Percentage of Model Lipids

Wax
Cholesterol

Ester Glycerides Phospholipids Hydrocarbons

1 80 20
2 80 11 4 5
3 80 0 5 15
4 20 40 6 4 30
5 32 40 8 10 10
6 70 20 10
7 70 10 20
8 86 14
9 100

10 90 10
11 90 10
12 90 10
13 80 20
14 80 10 10
15 80 20
16 70 30
17 70 6 5 20
18 70 30
19 60 15 5 5 15
20 60 10 5 5 20
21 60 40
22 50 8 2 40
23 50 4 6 40
24 50 50
25 30 20 2 8 40
26 30 4 6 60
27 30 70
28 10 50 28 2 10
29 10 9 9 2 70
30 10 80 10

Wax: 50 mol % stearylpalmitate and oleyloleate. Cholesterol ester: cholesterylpalmitate.
Glycerides: 50 mol % 1-stearoyl-rac-glycerol, triolein. Phospholipids: 50 mol % dimyristoyl-phosphati-

dylcholine, palmitoylsphingomyelin. Hydrocarbons: n-tetradecane.

FIGURE 3. NMR spectra of lipid standards containing various amounts of cholesteryl esters, waxes, glycerides, and phospholipids (Table 2). Key
bands that change with cholesterol ester concentration are observed near 4.65 and 2.38 ppm.
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ated with the glycerol backbone (Fig. 2). The relative amounts
of glycerides were not significantly different among the groups
(Table 3). The amount of glyceride in meibum was about two
orders of magnitude above the detection limit of the instru-
ment.

The intensity, width, and location of bands measured in our
infrared and Raman spectroscopic studies of meibum are often
sensitive to the conformation and the environment around the
moieties associated with the band, thus complicating compo-
sitional analysis. Unlike vibrational and electronic spectros-
copy, and if aggregation does not occur, the area of 1H-NMR

resonances is proportional to the number of protons and is not
affected by the surrounding environment. Therefore, quantita-
tive studies based on 1H-NMR do not require standards for
every different chain length and saturation. We acquired
1H-NMR spectra of eight different waxes spanning a wide
range of chain lengths and saturation: steryl oleate, oleyl oleate,
palmityl oleate, arachidyl oleate, steryl sterate, palmityl palmi-
tate, myristyl laurate, and palmityl laurate. As expected, the
ratios of the areas of the resonances at 3.98 and 0.88 ppm,
assigned to the two protons of the first CH2 group in the alkyl
chain of the waxes (Fig. 2) and to the six protons of the two
terminal CH3, respectively, were not dependent on saturation or
chain length, and their averaged ratio was 0.322 with SD of
0.008. This is close to the expected ratio of 0.333 (two to six
protons). Palmityl laurate contains the shortest alkyl chain
length (12 carbons), whereas arachidyl oleate has the longest
alkyl chain (20 carbons). The ratios were 0.328 and 0.327, the
shortest and longest alkyl chain waxes, respectively.

Matrix-assisted laser desorption/ionization, time of flight
mass spectrometry was used to detect free cholesterol in all
our samples.50 Free cholesterol was �5% of the cholesteryl
esters, thus suggesting that cholesteryl esters were not hydro-
lyzed in our samples (data not shown).

Milligram quantities of model phospholipids were analyzed
by 1H-NMR spectroscopy under the same conditions used for
the meibum samples. No phospholipid was detected because
glycero- and sphingophospholipids are not soluble in cyclo-
hexane.

FIGURE 4. (A) Correlation curve between cholesteryl ester and wax (obtained from 1H-NMR resonance
intensities). (B) The actual values for cholesteryl ester to wax molar ratios obtained from the mixtures of
model lipid compounds versus those predicted using principal component analysis. (C) Correlation curve
between triglycerides and wax obtained from 1H-NMR resonance intensities. The area of the resonance at
4.08 ppm was used to quantify the amount of wax. The resonances between 4.2 and 4.3 ppm were used
to quantify the amount of triglyceride. A volume of 600 �L was measured. (D) The resonances between
4.2 and 4.3 ppm were used to quantify the amount of triglyceride. A volume of 600 �L was measured.
Spectra were measured on the same day.

FIGURE 5. Cholesteryl esters were found to increase with age and
decrease with MGD.
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DISCUSSION

The major findings of this study are that meibum from normal
adolescents and adults contains molar ratios of wax to choles-
teryl ester to glyceride of 1:0.57:0.19 and those cholesteryl
esters were found to be 40% lower in Md compared with that
in Mn. The predominance of wax in meibum was suggested by
infrared and Raman spectroscopy.30,35,36 Five groups have
reported the ratio of wax to cholesteryl ester in human
meibum (Table 3). Our value for CE:Wax, 0.57 (mol:mol), is
approximately equal to the average value of 0.60 reported in
the literature and is closest to the ratio evaluated by Robosky
and colleagues,27 n � 1, and Mathers and Lane,47 n � 22, and
within the range reported by Tiffany,13 n � 4 (Table 3). SD
values were not provided in any of the previous studies. Our
value for CE:Wax is much higher than that reported by
McCulley and Shine.48

In one study, meibum samples from normal donors were
classified into two groups.9 The cholesteryl esters were low in
four meibum samples from one group, 6 �g per 790 �g of
meibum, and approximately eightfold higher in four other
samples from another group.9 Normal donor information pro-
files were not given in the publication. In the present study, for
normal adolescents to adults, the cholesterol ester to wax
ratios could be divided into three groups, with a low, medium,
and high ratio, 0.1, 0.5, and 0.8 mol:mol, respectively. Our data
support the large range of values reported by Tiffany13 and
Shine and McCulley.9 The studies in Table 3 did not provide
SDs or ranges for their values.

CE:Wax was significantly higher for the normal adolescent
to adult group compared with that for the normal infant and
child groups and MGD group. Could these differences account
for the tear film stability and meibum conformational differ-
ences observed with age30–32,51–63 and MGD?33,34,64–66 Prob-
ably not for the following reasons: cholesteryl esters do not
change the conformation of wax in model systems34; there-
fore, the 40% decrease observed in meibum cholesteryl esters
associated with MGD is unlikely to account for the decreased
meibum hydrocarbon chain order (decreased viscosity) ob-
served with age32,35 or increased meibum hydrocarbon chain
order (increased viscosity) with MGD.34 It is more likely that
saturation34 and/or proteins33 play a greater role in the degree
of hydrocarbon chain order in human meibum.34 Cholesteryl

esters in human meibum contain long-chain hydrocarbons.67

Longer chain hydrocarbons tend to order membranes. There-
fore, the loss of cholesteryl esters with MGD would tend to
raise lipid order rather than decrease it, opposite to the re-
ported trends.

The relative amount of cholesteryl esters in infant meibum
is comparable to that in Md. Therefore, differences in the
amount of cholesteryl esters alone are unlikely to be responsi-
ble for the greater stability of the infant tear film relative to that
of the tear film from both donors with MGD and adolescents
and adults. It is possible that the specific features of cholesteryl
esters (chain length, branching, and degree of unsaturation)
may change with age and disease. For this reason, age and/or
disease-related changes in the specific species of cholesteryl
esters should be evaluated.

Compositional differences49 and hydrocarbon chain order
have been used to monitor the efficacy of drugs and as markers
for MGD.28 Changes in cholesteryl ester could be used in a
similar manner. The quality rather than the quantity of meibum
is more of a factor in MGD.68

Seven groups have reported the ratio of wax to glyceride in
human meibum (Table 2). Our value for glyceride:wax, 0.19
(mol:mol), is within the range of values reported in the litera-
ture, which averaged 0.13. Glycerides represented only 11% of
the constituents we quantified. The relative amount of total
glycerides or areas of the resonances corresponding to diglyc-
eride and trigyceride did not change with age or MGD. There-
fore, glycerides are unlikely to account for the decreased
meibum hydrocarbon chain order (decreased viscosity) ob-
served with age32,35,36 or increased meibum hydrocarbon
chain order (increased viscosity) with MGD.34 The triglyceride-
to-wax ratios were higher in samples from donors with both
acne rosacea and meibomian keratoconjunctivitis compared
with donors with seborrheic blepharitis or acne rosacea with-
out meibomian keratoconjunctivitis. However, the difference
was not statistically significant due to the limited number of
donors in the latter two groups.49 The diglyceride-to-wax ratio
decreased significantly after 3 and 6 months of treatment with
minocycline.49 Triglycerides from a group of donors with mei-
bomian keratoconjunctivitis contained 20-carbon fatty acids
that were more saturated compared with Mn.10

TABLE 3. Wax, Glyceride, and Cholesterol Ester Composition of Human Meibum

Author/Study
Steroyl:Wax Ester

Molar Ratio
Triglyceride:Wax Ester

Molar Ratio
Number of

Donors Sampled

Cory et al.7 Not measured 0.03 (TG:wax and SE) 7
Mathers et al.47 0.61 0.37 22
Nicolaides et al.5 0.86 0.11 76 pooled
McCulley and Shine48 0.23 0.09 ?
Tiffany13 0.78 (range, 0.38–1.2) 0.87 4
Robosky et al.28 0.54 0.073 1
Shine et al.49 Not measured
SBBL 0.082 2
AR 1 0.077 2
AR-MKC 0.157 6
Literature average 0.60 0.13 w/o 0.87
This study human normal 0.57 � 0.09 0.19 � 0.04 27
Median 0.50
This study human child

(�13 years old)
0.24 � 0.08 0.17 � 0.01 14

Median 0.23
This study human MGD 0.34 � 0.04 0.19 � 0.02 48
Median 0.21

SBBL, seborrheic blepharitis; AR, acne rosacea; AR-MKC, AR with meibomian keratoconjunctivitis;
MGD, meibomian gland dysfunction.
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Although NMR spectroscopy has been applied in other bio-
logical systems to quantify waxes, cholesteryl esters, triglycerides,
saturation, CH2, CH3, and CHOCAO moieties,27,69–84 no such
studies had been performed before to assess the changes in
human meibum with age or MGD. In this report, we have

focused on only a narrow spectral region encompassing three
resonances. There is, however, a wealth of extra information
available in the rest of the 1H-NMR spectral range. The analysis
of these regions and the interpretation of the changes with age
and disease will be presented in future reports.
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