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Tear Evaporation Rates in Sjogren Syndrome and
non-Sjogren Dry Eye Patients

EIKI GOTO, YUKIHIRO MATSUMOTO, MIZUKA KAMOI, KOJI ENDO, REIKO ISHIDA, MURAT DOGRU,
MINAKO KAIDO, TAKASHI KOJIMA, AND KAZUO TSUBOTA

® PURPOSE: To reinvestigate tear evaporation rates in
Sjogren syndrome (SS) and non-Sjogren (non-SS) dry
eye patients with a recently reported ventilated chamber
evaporimeter system.

® DESIGN: Prospective case-control study.

¢ METHODS: A ventilated chamber evaporimeter system
was used to measure tear evaporation rates. A DR-1
" camera (Kowa, Nagoya, Japan) was used for tear lipid
layer interference image acquisition. The Yokoi severity
grading system was used for DR-1 image evaluation.
Twenty-four aqueous tear deficiency (ATD) eyes of 21
consecutive patients with SS were studied (SS ATD
group). Twenty-one ATD eyes of 12 non-SS patients
(non-8S ATD group) were examined as control subjects.
® RESULTS: Tear evaporation rates of the SS ATD group
(5.9 = 3.5 [1077 gfcm? per second]) were significantly
higher than those of the non-SS ATD group (2.9 * 1.8
[1077 g/cm® per second]; P = .0009). The severity
grading of DR-1 tear interference images of the SS ATD
group was significantly higher (P = .03), along with
significantly worse meibomian gland expressibility and
vital staining scores, compared with those of the non-SS
ATD group.

® CONCLUSIONS: Tear evaporation rates were higher in
eyes of the SS ATD group compared with the non-SS
ATD group. Tear evaporation assessed in conjunction
with tear lipid layer findings and meibomian gland ex-
pressibility provides an increased understanding in the
differential diagnosis of dry eye states. (Am ] Ophthal-
mol 2007;144:81-85. © 2007 by Elsevier Inc. All rights
reserved.)

Lemp, tear evaporimetry to describe evaporative
water loss from the ocular surface has been con-
sidered as an important examination to differentiate the
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types of dry eye in addition to the basic Schirmer I test.!2
The ocular sutface tear film consists of lipid, aqueous, and
mucin layers. The tear film spreads across the ocular
surface by blinking and drains mainly into the nasolacrimal
duct, with the remainder evaporating into the air. 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 secreted
meibomian lipids that act to suppress excessive tear evap-
oration by covering the aqueous tear layer.34

In dry eye, tear evaporation has been considered to be
important because the ratio of tear evaporation in total
tear flow is increased compared with that of normal
subjects.’ Previous tear evaporation reports in aqueous tear
deficiency (ATD) dry eyes have revealed inconsistent
results by several groups, sometimes higheré7 or sometimes
lower8-10 than the normal values.

We recently reinvestigated the tear evaporation rates in
normal subjects and meibomian gland dysfunction (MGD)
patients using the new ventilated chamber evaporimeter
system.!’ As the meibomian gland lipid expressibility
worsened, tear evaporation rates showed an increase under
normal aqueous tear secretion. Thus, we thought that the
comparison of tear evaporation rates of ATD dry eyes in
patients with and without Sjégren syndrome (SS) were
intriguing and warranted further investigation. Herein, we
report tear evaporation rates of ATD dry eyes in patients
with SS and ATD dry eyes in patients without SS using
our new evaporimeter system which uses a ventilated
chamber.!! Tear interferometry to evaluate the precorneal
tear lipid layer condition was performed simultaneously
using the Yokoi semiquantitative grading system!%13 and
lipid layer thickness quantification system.'* The signifi-
cance of this method and findings are discussed.

METHODS

® SUBJECTS: In the subspecialty clinic of Tokyo Dental
College, Ichikawa General Hospital, 24 ATD eyes of 21
consecutive patients with SS were studied (SS ATD group:
one male and 20 females; mean age, 55.8 * 13.1 years).
Twenty-one ATD eyes of 12 non-SS patients (non-SS
ATD group: three males and nine females; mean age, 51.9
17.2 years) were examined as control subjects. SS patients
were diagnosed using the criteria of Fox and Saito.15 The
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FIGURE. Representative DR-1 tear interfe

rence images from the
non-88 ATD groups. (Left) Representative DR-1 image from a 65

Sjogren syndrome (SS) aqueous tear deficiency (ATD) and the
-year-old Asian woman in the SS ATD group. Tear evaporation

rates were 5.7 (10~7 gfem? per second), the Yokoi DR-1 grading was 4, and the range of lipid layer thickness estimated from the
DR-1 tear interference image was 40 to 240 nm. Fluorescein and rose bengal scores were 6 and 5, respectively. The tear break-up
time (BUT) was one second, the Schirmer I test value was 3 mm, and meibomian gland expressibility grading was 3. (Right)
Representative DR-1 image from a 73-year-old Asian woman in the non.SS ATD group. Tear evaporation rates were 1.1
(1077 gfem?® per second), the Yokoi DR-1 grading was 4, and the range of lipid layer thickness estimated from the DR-1 tear
interference image was 120 to 220 nm. Fluorescein and rose bengal scores were 5 and 4, respectively. The tear BUT was four
seconds, the Schirmer I test value was 2 mm, and meibomian gland expressibility grading was 2.

Japanese diagnostic criteria of dry eye was used for the
diagnosis of dry eye, and Schirmer I test results of 5 mm or
less were regarded as ATD.16 Both eyes of all subjects
underwent measurement. Only those eyes with Schirmer |
test results of 5 mm or less were included as ATD eyes in
this study. None of the subjects had any evidence of ocular
infection, none wore contact lenses, none had undergone
punctal occlusion, and none had blepharospasm, conjunc-
tivochalasis, or abnormal blinking. Severe dry eye states,
such as Stevens-Johnson syndrome or ocular pemphigoid,
and cases with allergic conjunctivitis were excluded from

the study.

® TEAR EVAPORIMETER SET UP: Tear evaporation rates
from the ocular surface were measured noninvasively using
our recently reported device.!! Briefly, the evaporimeter
consisted of an eye cup in the form of a ventilated chamber
having a volume of 20 cm?® that tightly covered the eye;
air, which was supplied into the cup as a tear evaporation
carrier by an air compressor at a constant flow rate (150
ml/minute), and a quartz crystal sensor (9 MHz A-T cut
quartz crystal 8 mm in diameter and 0.2 mm in thickness),
known as the microbalance, which is highly sensitive to
humidity. The frequency of the sensor shifts in response to
changes in humidity. Evaporation rates were measured by
caleulating the difference between the water content of
the air entering and exiting the cup. The data sampling
rate was four times per second. Real-time changes in the
frequency data appeared on the display of a personal
computer, synchronous with this sampling rate. For the
measurement, the same eye cup was used as in the previous
study to fix the condition.!!
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¢ EXAMINATIONS OF TEARS, THE OCULAR SURFACE,
AND MEIBOMIAN GLANDS: Tear lipid layer interferome-
try was performed noninvasively after tear evaporimetry
using the DR-1 camera system!2 (Kowa, Nagoya, Japan)
before any invasive examination. DR-1 tear interference
images were recorded using a digital photo printer, and the
evaluation of tear interference images was carried out using
the Yokoi semiquantitative dry eye severity grading system
as reported previously: grade 1, somewhat gray color,
uniform distribution; grade 2, somewhat gray color, non-
uniform distribution; grade 3, a few colors, nonuniform
distribution; grade 4, many colors, nonuniform distribu-
tion; grade 5, corneal surface partially exposed. In their
report, normal control eyes were classified into grades 1 and 2
and dry eyes were classified into grades 2, 3, 4, and 5.12.13 For
the most recent data from 16 eyes of eight patients (six
eyes of three SS patients, and 10 eyes of five non-SS
patients), DR-1 images were acquired using the uncom-
pressed high-quality image capturing system,'”18 and tear
lipid layer thickness was quantified using a computer-
synthesized interference color chart system in the repre-
sentative cases,!4

Examination of the ocular surface was performed iden-
tically as in a previous report using the new tear evapo-
rimetry.!! Briefly, the ocular surface was examined by the
double-staining method with 2 ! preservative-free solu-
tion consisting of 1% fluorescein and 1% rose Bengal dye.
Fluorescein and rose bengal staining scores (minimum,
2er0; maximum, nine) and tear break-up times (BUT) were
recorded.’920 The Schirmer I test also was performed. To
assess meibomian gland expressibility, the Shimazaki grad-
ing system was used.® Digital pressure was applied on the
lower tarsus, and the degree of ease of expression of

JuLy 2007



. gt e e e [

TABLE. Co
e

%

36

ffﬁp%pn of Tear Evapotimetry, Tear-Interferometry;-and*@cular Signs betweentthe »S;ogr;e’_ﬁ?Syndrg{rf Aque@s Tear
> g,

d:non-Sjdgren Syndrome Aqueous Tear Deficiency Groups-~~~ "5 ZXTL

T T T e T T T T
Tear Evaporation Rates  DR-1 Grading Fluorescein Staining Rose Benga) Staining  Tear BUT  Schirmer I Test  Msibomian Gland
(1077 gfor? persecond)  (1-5) (ssc) Velue mm) _Expressibility (0-3)
| ssanl o & .0 | 26%17 b5xzh s oEE
T NonSSATD(n=21)  20+%18 1.0= 13
[~ Pvaldé > o= omr agee 0009 g 04

! T et e e ; 43 vy y,f’ P S
= aqueous tear.d?t%iqgcgmggea; E% %-!' up time; SS

meibomian secretions was evaluated semiquantitatively as
follows: grade 0, clear fluid easily expressed; grade 1, cloudy
fluid expressed with mild pressure; grade 2, cloudy fluid
expressed with more than moderate pressure; and grade 3,
fluid cannot be expressed even with strong pressute.

® STATISTICAL ANALYSIS: All data are shown as the
mean * standard deviation. The Mann-Whitney U test
was applied to the comparison between SS ATD and
non-SS ATD groups in the examinations. A level of P <
.05 was accepted as statistically significant. Graphpad
Instat software version 3.0 (Graphpad Software, Inc, San
Diego, California, USA) was used for statistical analysis.

RESULTS

® TEAR EVAPORATION RATES AND TEAR LIPID LAYER
INTERFEROMETRY: Tear evaporation rates were 5.9 =+
3.5 (1077 g/cm? per second) in the SS ATD group, which
was significantly higher than the non-SS ATD group,
2.9 * 1.8 (1077 glem? per second; Table; P = .0009). The
SS ATD group revealed DR-1 severity grading of 3.9 + 1.2
(Figure, Left), which was significantly higher than DR-1
grading of the non-SS ATD group, 2.9 * 1.1 (Figure,
Right; P = .03).

® COMPARISON OF OCULAR SIGNS IN SS ATD AND
NON-§§ ATD GROUPS: The corneal fluorescein mean
score was 3.0 £ 2.4 in the SS ATD group, which was
significantly higher than the non-SS ATD group, 0.9 +
1.6 (Table; P = .002). Similarly, the mean rose bengal
score was 3.7 * 2.6 in the SS ATD group, which was also
significantly higher than in the non-SS ATD group, 1.9 +
2.5 (P = .01). However, tear BUT (2.6 * 1.7 seconds in
the SS ATD group and 3.1 * 2.6 seconds in the non-SS
ATD group; P = .95) and Schirmer I test values (2.5 + 2.0
mm in the SS ATD group and 2.0 = 2.0 mm in the
non-SS ATD group; P = .3) were not significantly
different. Meibomian gland expressibility grading was 2.2 +
0.4 in the SS ATD group, which was significantly higher
than the non-SS ATD group, 1.0 + 1.3 (P = .04).
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DISCUSSION

IN THIS ARTICLE, WE REPORT TEAR EVAPORATION RATES IN
SS ATD and the non-SS ATD groups. Tear evaporation
rates were significantly higher in the SS ATD group com-
pared with the non-SS ATD group, along with worse DR-1
severity grading, vital staining scores of the ocular surface, and
meibomian gland expressibility grading (Table).

In the current study, tear evaporation rates were 5.9 +
3.5 (1077 gfem? per second) and 2.9 + 1.8 (107 g/cm? per
second) in the SS ATD and the non-SS ATD groups,
tespectively. These results could be compared with those
from our previous report about MGD (5.8 + 2.7 [1077
glcm? per second]) and normal subjects (4.1 = 1.4 [1077
glem?® per second]) using exactly the same evaporimeter
setup.!! Tear evaporation rates in the SS ATD group were
close to those of the MGD subjects and were significantly
higher than the normal subjects. Tear evaporation rates in
the non-SS ATD group were significantly lower than
normal subjects. As mentioned, tear evaporation rates,
which were measured by our new ventilated chamber
system,!! in dry eyes with SS ATD, in dry eyes without SS
ATD (this study), and also in eyes with MGD!! showed
similar trends to those reported in previous studies by our
group using the closed chiamber tear evaporimeter sys-
tem.%1° However, as we pointed out in our previous
report,!! tear evaporation rates in ATD have been incon-
sistent in the literature. Rolando and associates and
Mathers and associates, who used the modified closed
chamber system, reported increased tear evaporation rates
in ATD compared with normal subjects.? On the con-
trary, decreased tear evaporation rates in ATD have been
reported by our group using the closed chamber tear
evaporimeter system!® and by Hamano and associates
compared with normal subjects.8 Because of these incon-
sistencies, we decided to examine the lipid layer status
simultaneously with tear evaporimetry.

The difference in tear evaporation rates in ATD dry eye
states could be explained by the observation of surface lipid
layer status, which has been known to affect tear evapo-
ration.*?! This lipid layer condition had been assumed by
the observation of meibomian gland secretion at the lid
margin.®!32223 However in this report, we observed the
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tear surface lipid layer directly by using the DR-1 tear
interference camera.

DR-1 severity grading in the present study was signifi-
cantly higher in the SS ATD group (3.9 + 1.2) compared
with the non-SS ATD group (2.9 * 1.1). DR-1 data
showed increased dry eye severity grading in the SS ATD
and the non-SS ATD groups compared with the previously
reported data from normal subjects (1.5 * 0.5).12

The representative DR-1 images from the SS ATD and
the non-SS ATD groups are shown in the Figure, which
revealed similar DR-1 grading, vital staining scores, tear
BUT, and Schirmer I test values. However, tear evapora-
tion rates were higher in the SS ATD group compared
with the non-SS ATD group. Meibomian gland express-
ibility was worse and distribution of precorneal tear lipid
was more uneven (lipid layer thickness range, 40 to 240
nm) in the SS ATD group compared with the non-SS
ATD group in these representative cases. Such an uneven
distribution and deficient lipid level on the upper comnea
(Figure, Left) may result in higher tear evaporation rates in
the SS ATD group compared with the non-SS ATD
group.

However, it is also evident from the lipid layer thickness
data that patients with non-SS ATD with better meibo-
mian gland expressibility have a relatively more even
distribution of lipid layer thickness over the cornea with a
smaller range of thickness variation (Figure, Right; 120 to
220 nm). The non-SS ATD group had lower tear evapo-
ration rates compared with the SS ATD group. Therefore,
tear evaporation measutement when carried out with DR-1
may explain the difference in clinical findings.

For the evaluation of DR-1 tear interference images, the
Yokoi severity grading system was used.’213 When we

began the present study, a lipid layer thickness quantifica-
tion system was not yet available. If we could have applied
this system to all DR-1 images, the correlation between
tear lipid layer thickness and tear evaporation might have
been obtained more clearly. However, as we reported
recently, the Yokoi severity grading system may be inter-
preted roughly as lipid layer thickness information as
follows: grades 1 and 2, lipid layer thickness approximately
10 t0 92.5 nm in dark to bright brownish-gray interference
color; grade 3, lipid layer thickness from 100 to 185 nm in
brown interference color; grade 4, lipid layer thickness
from 190 nm to 370 nm in colorful interference images;
and grade 5, no movement of interference image, indicating
no lipid presence, lipid layer thickness approximately O nm.2#
Thus, we could judge tear lipid layer thickness condition
from the Yokoi grading system. Furthermore, for the most
recent data, a lipid layer thickness quantification system
was applied.14.24.25

As shown in the Figure, analysis of distribution of
precorneal tear lipid would be important, and the devel-
opment of its index for the comparison of the data would
be highly expected in future studies. Furthermore, in the
future, tear evaporimtery of the other dry eye subtypes such
as dry eyes with only decreased tear film BUT would be
highly anticipated.26

In conclusion, we applied the new tear evaporimeter
system to ATD dry eye states. Meibomian gland express-
ibility and precorneal lipid layer conditions examined by
tear interferometry may explain the resultant tear evapo-
ration rates in ATD dry eyes. This method can contribute
to further understanding in the pathogenic mechanism of

dry eyes and may give us clues for better treatment of dry
eye patients.2?
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Noninvasive Interference Tear Meniscometry in Dry Eye
Patients With Sjégren Syndrome

ATSURO UCHIDA, MIKI UCHINO, EIKI GOTO, ERI HOSAKA, YUKO KASUYA, KAZUMI FUKAGAWA,
MURAT DOGRU, YOKO OGAWA, AND KAZUO TSUBOTA

® PURPOSE: To compare noninvasive tear meniscus height
(NI-TMH) using a tear interference device in normal
subjects and dry eye patients with Sjégren syndrome (SS),
and to investigate the applicability of this new method
before and after the punctal occlusion procedure.

® DESIGN: Prospective case control study.

® METHODS: Tear meniscus was visualized noninvasively
using a tear interference device (Tearscope plus, Keeler,
Windsor, United Kingdom). Tear interference image was
captured with digital video camera (SP-321, JFC Sales
Plan Co, Tokyo, Japan) attached to the slit-lamp. Lower
lid margin NI-TMH was measured using image analysis
software. NI-TMH of 28 eyes from 17 normal subjects
and 46 eyes from 27 aqueous tear deficiency (ATD) dry
eye patients with SS were compared. The change of
NI-TMH three weeks after the successful punctal occlu-
sion was examined in 11 eyes of eight dry eye subjects.
® RESULTS: Tear meniscus was well visualized with the
tear interference device in all cases. Lower lid margin
NI-TMH was 0.22 = 0.065 mm in normal subjects, and
0.13 %= 0.042 mm in SS subjects, respectively (P <
.0001). After the punctal occlusion, lower lid margin
NI-TMH increased significantly from 0.12 % 0.026 mm
to 0.42 = 0.21 mm (P = .001).

® CONCLUSIONS: NI-TMH was substantially lower in
SS subjects and also significantly improved after punctal
occlusion. This method is expected to be helpful in the
diagnosis and in the evaluation of the efficacy of punctal
occlusion in ATD dry eyes such as §S. (Am ] Oph-
thalmol 2007;144:232-237. © 2007 by Elsevier Inc. All
rights reserved.) :

EARS ARE SECRETED FROM THE LACRIMAL GLAND
and distributed by blinking to form the tear film of
the ocular surface.’*> Tear film is responsible for
wetting the ocular surface, which is the first line of defense,
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and is also essential for clear visual imaging.4-6 Tears are
distributed to the cul-de-sac and the exposed ocular surface
area, including tear menisci.? Tear meniscus is a major part
of the tear reservoir, which holds approximately 70% to
80% of the rotal tear volume of the exposed ocular
surface area. Thus, tear menisci have been considered to
reflect tear volume on the ocular surface, and have been
considered to be important in the diagnosis of dry eye
syndrome.8

Using a minimal amount of fluorescein staining, Main-
stone and associates reported that the fluorescein-stained
tear meniscus height (f-TMH) of normal subjects was 0.46
mm, and £ TMH of dry eye subjects was significantly
decreased as 0.24 mm.? This conventional method is
widely used as the most common method of tear meniscus
height (TMH) measurement. Oguz and associates also
reported that £ TMH of dry eye subjects using minimal
fluorescein was 0.21 mm, and TMH of the same subjects
measured by a noninvasive method with slit-lamp
equipped with a micrometer-scale was 0.19 mm.!° In the
meantime, they pointed out that TMH of dry eye subjects
sometimes could not be observed without fluorescein, since
it was too low. Conventional f-TMH has been reported to
be of value in the diagnosis of dry eye; however, it was
limited by its invasive nature.9.11-15

Another method to visualize the lucent tear meniscus is
to use interference phenomena. Tear interferometry is a
noninvasive visualization method of the lucent tear film.
The optical path difference from the reflectance at the
surface of the tear lipid layer and at the interface of the tear
lipid-aqueous layer causes a tear interference image, which
could be clearly observed.!6-18 It has been mainly used to
observe the precorneal tear lipid layer.!9-2!

In ophthalmic practice using the tear interference de-
vice (Tearscope Plus, Keeler, Windsor, United King-
dom),?2-26 not only can the precorneal tear film be
observed clearly and noninvasively, but the tear film at the
tear meniscus as well. Therefore, we hypothesized that
noninvasive tear meniscus height (NI-TMH) could be
quantified with the image analysis of tear meniscus inter-
ference image, and could be used to differentiate aqueous
tear deficiency (ATD) dry eye such as Sjsgren syndrome
(8S) or to assess surgical efficacy after dry eye treatment by
punctal occlusion. The significance of this method and
findings are further discussed.
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