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Abstract:
Purpose: The purpose of the present study was to develop mathematical relationships that
allow obtaining equilibrium water content and refractive index of conventional and silicone
hydrogel soft contact lenses from refractive index measures obtained with automated refrac-
tometry or equilibrium water content measures derived from manual refractometry, respec-
tively.
Methods: Twelve HEMA-based hydrogels of different hydration and four siloxane-based
polymers were assayed. A manual refractometer and a digital refractometer were used.
Polynomial models obtained from the sucrose curves of equilibrium water content against
refractive index and vice-versa were used either considering the whole range of sucrose
concentrations (16–100% equilibrium water content) or a range confined to the equilibrium
water content of current soft contact lenses (�20–80% equilibrium water content).
Results: Values of equilibrium water content measured with the Atago N-2E and those derived
from the refractive index measurement with CLR 12–70 by the applications of sucrose-based
models displayed a strong linear correlation (r2 � 0.978). The same correlations were obtained
when the models are applied to obtain refractive index values from the Atago N-2E and
compared with those (values) given by the CLR 12–70 (r2 � 0.978). No significantly different
results are obtained between models derived from the whole range of the sucrose solution or
the model limited to the normal range of soft contact lens hydration.
Conclusions: Present results will have implications for future experimental and clinical
research regarding normal hydration and dehydration experiments with hydrogel polymers,
and particularly in the field of contact lenses. © 2006 Wiley Periodicals, Inc. J Biomed Mater Res Part
B: Appl Biomater 80B: 184–191, 2007

Keywords: Atago N-2E; CLR 12–70; conventional soft contact lenses; equilibrium water
content; refractive index; refractometry; silicone hydrogel; sucrose; Brix scale.

INTRODUCTION

Refractive index (RI) and equilibrium water content (EWC)
are closely linked in conventional soft hydrophilic materi-
als.1,2 In fact, because of the inverse relationship between

EWC and RI, this parameter has been widely used to estimate
the degree of water lost of soft contact lenses (SCL) while on
the eye or after several hours of use.3–5

The interest in studying EWC is supported by many fac-
tors that affect on eye hydrogel lens EWC, including ocular
surface characteristics as well as lens material and environ-
mental circumstances.6–12 All these factors have the potential
to adversely affect contact lens fitting characteristics, spolia-
tion, and tolerance.9,13 Many studies link contact lens wear
discontinuation to dehydration of the ocular surface driven by
the contact lenses14–16 being one of the main limiting factors
for contact lens market growth.
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Methods currently available to obtain EWC of SCL in-
clude gravimetric techniques17–19 and refractometry.3,13 Al-
though the gravimetric technique is accurate, relative to nom-
inal EWC values given by the manufacturer, it is difficult and
time-consuming.17 Refractometry is more feasible in the clin-
ical setting, although there could be issues with its accuracy
depending on the instrument used.

Refractometry is based in the property that refractivity of
a simple solution, such as sucrose solution, is closely related
to its solid content. As the swelling process of hydrogel
materials is similar to that experienced by sucrose in water, it
has been known for long that the refractivity of a hydrogel
follows the same rules as for homogeneous solutions.20 Re-
fractometers can either measure percent water or solid con-
tent in a solution or hydrogel material.

The instruments that have been used with SCL include the
Abbe-type refractometers,17,21,22 the Atago CL-1,3,5,13 or
Atago N-2E.23 Other instruments measure only RI, either
manually as the Atago N300024 or automatically, which is the
case of the new CLR 12–70 automated refractometer.25

The Atago N-2E (Atago, Tokyo, Japan), is a hand-held
refractometer that measures the percentage of sucrose in a
solution (Brix scale*) within a range of 28–62%. This means
that EWCs ranging from 72% to 38% can be measured with
this instrument. It has also been used to measure the EWC of
hydrogel lenses,23 providing indirect estimates of EWC as the
scale reads the percentage that represents the solid part of the
polymer (Brix scale), which can then be converted to per-
centage values of EWC.

The CLR 12–70 provides direct RI readings with minimal
influence of operators subjectivity displaying excellent with-
in- and between-operator precision.25 The instrument also
allows the evaluation of the EWC of hydrogel contact lenses
by measuring their RI in the hydrated and dehydrated states.
However, this procedure is time consuming and might be
inconvenient for many clinical applications.

In clinical practice, the evaluation of hydrogel lenses EWC
assumes that this parameter could be obtained from the RI.
The higher the RI was in relationship with the nominal RI
reported by the manufacturer for unworn lenses of the same
material under the same conditions, the greater the dehydra-
tion experienced. However, previously published results, in-
cluding one silicone hydrogel material (Lotrafilcon A)
showed that such materials did not follow the same relation-
ships between EWC and RI that have been applied to SCL
given false values of hydration when measured by conven-
tional refractometry.25

Moreover, against earlier believes,26 Nichols et al.23 dis-
cussed that with current soft lens materials, including a great
diversity of polymeric formulas, the application of Brix scale
to obtain the RI of hydrogels from EWC or vice-versa could
be inaccurate. They concluded that under/overestimations of
nominal EWC values given by the manufacturer will depend
on each material’s characteristics.23

With the present study, we try to evaluate the agreement of
RI and EWC values obtained by the application of sucrose-
based Brix models to a wide range of conventional SCL
materials and silicone hydrogel materials. We are particularly
interested in the precision of deriving RI from a hand-held
refractometer such as the Atago N-2E or deriving EWC from
such a precise refractometer as the CLR 12–70. Of remark-
able interest is also to know how such models are valid for
new silicone hydrogel contact lenses materials.

MATERIALS AND METHODS

Sixteen contact lenses made of different materials were in-
cluded in the study. Twelve lenses were conventional
HEMA-based hydrogels and four were silicone hydrogel
SCL. Nominal EWC of lenses was within the interval 38–
74%. Nominal parameters as given by the manufacturers
from different lenses materials (EWC and RI) are listed in
Table I.

Lenses were allowed to equilibrate in preservative-free
saline solution meeting the criteria of ISO 10344:1996 estab-
lishing the requirements for saline solution in contact lens
testing for at least 24 h before testing. EWC estimates were
done with the Atago N-2E hand refractometer (Atago, Tokyo,
Japan). This instrument was designed to measure sucrose
concentration in a solution and can also be applied to the
measurement of EWC in hydrophilic SCL with excellent
degrees of reliability and reproducibility.23 Three measures
were done by a trained observer (J.M. G.-M) on different
days under the same room conditions (Ta � (20 � 1)°C,
relative humidity � (50 � 3)%. Once the measures were* Brix scale represents the number of sucrose grams in 100 g of sucrose solution.

TABLE I. Nominal EWC and Nominal RI for Different Lens
Materials as Reported by the Manufacturers for HEMA-Based
Conventional Hydrogel and Silicone Hydrogel SCL

Contact Lens
Material

(USANC) FDA
EWC
(%) RI

Actifresh 400 (Lidofilcon A) II 73 —a

Acuvue 2 (Etafilcon A) IV 58 1.40
bAcuvue advance (Galyfilcon A) I 47 1.4055
Aspheric (Methafilcon A) III 55 1.41
Focus dailies (Nefilcon A) II 69 1.38
Focus monthly (Vifilcon A) IV 55 1.415
bFocus night & day (Lotrafilcon A) I 24 1.43
Freshlook (Phemfilcon A) III 55 1.44
bO2OPTIX (Lotrafilcon B) I 33 1.42
Precision UV (Varsufilcon A) II 74 1.379
Proclear (Omafilcon A) II 62 1.387
bPurevision (Balafilcon A) III 36 1.426
Soflens 1-day (Hilafilcon A) II 70 1.38
Soflens 38 (Polymacon) I 38,6 1.43
Soflens 66 (Alphafilcon A) II 66 1.39
Surevue (Etafilcon A) IV 58 1.40

USANC, United States Adopted Names Council.
a RI not found.
b Silicone hydrogel contact lenses.
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obtained as %Brix, the EWC of the lens was obtained by the
following equation:

EWC � 100 � %Brix (1)

Before each measurement session, the refractometer was
calibrated using a saturated NaCl solution adjusting the scale-
adjustment screw to 29.6% as recommended by the manu-
facturer for a room temperature of 20°C. Refractometer ma-
nipulation was performed as described by previous authors
regarding focusing and reading.23

Because of limitations in the refractometer scale, Nichols
et al. only included lenses on the range 42.5% to 69% to
allow bias in the measures at each end of the instrument’s
scale.23 In our protocol, we made some tests of samples of the
lenses used, using the Atago N-2E and two other manual
refractometers, which extended the measurement range from
8 to 100% EWC covering the wider hydration range in our
sample (24–74% nominal EWC). The two instruments were
Atago N-1E (Atago, Tokio, Japan); Atago N-2E (Atago,
Tokio, Japan) y Zuzi 58–92 Brix (Zuzi, Auxilab S.L, Spain).
Those instruments revealed very good agreement with Atago
N-2E when measuring isolated samples within the regions
where they overlap what could be expected having in mind
that the three instruments use the same optical principle.

Surprisingly, lenses whose EWC values were expected to
fall below the inferior limit of the Atago N-2E (WC � 38%
which equates the upper limit of the Brix% scale) or lenses
whose EWCs surpassed the lower limit of the Brix% (28%
Brix which equates 72% EWC) were measurable with the
Atago N-2E, giving exactly the same values as those mea-
sured with the “appropriate scale refractometers”. Differ-
ences were less than 0.5% in all cases.27

The CLR 12–70 automated refractometer (Index Instru-
ments, Cambridge, UK) was used to directly measure the RI
of the contact lenses. Three measures were done by the same
trained observer (M.L.) on different days under the same
room conditions as for the hand refractometry measures pre-
viously described. The instrument was set in the continuous
scan mode, and each reading was taken only when stabiliza-
tion was reached. As for manual refractometry, the average
value was used for subsequent statistical analysis.

As quoted by Nichols and Bernsten, the CLR 12–70 mea-
sures RI by back reflection at 589 nm wavelength.25 Calibra-

tion was performed before each measurement sequence, us-
ing water at room temperature, while the instrument was
adjusted if out of tolerance values were obtained. No tem-
perature correction was introduced, as the measures with
Atago N-2E were taken in the same conditions.

A third investigator extracted all the lenses from commer-
cial blisters and placed them in identical glass vials filled with
buffered sterile saline solution. A number under each vial
identified each lens with purposes of randomization and iden-
tification. This investigator presented the lenses in the ran-
domized order to each observer at each session. Readings
were registered by this investigator while the operator was
blind to the number under the lens storage.

With the purpose of EWC and RI conversion from CLR
12–70 and Atago N-2E, respectively, mathematical equations
were derived by correlating EWC or sucrose concentration
and its RI. With this purpose, a normalized table correlating
Brix% and refractive index of sucrose (C12H22O11, relative
specific refractivity � 1.032; molecular weight � 342.30 @
20°C in sodium yellow light @ 589 nm wavelength) was
used.† Data were plotted using a Microsoft Excel Worksheet,
and the plotted points were fitted to a linear, logarithmic or
exponential, and polynomial models. The model displaying
the higher correlation coefficient (r2 closer to 1) was set as
eligible for subsequent calculations. Equations and corre-
sponding coefficient of determination are displayed in Tables
II and III for the relationships derived from the whole Brix
model (16.07–100%) and Tables IV and V for the relation-
ships derived from the reduced Brix model (Brix 20–80%).

RESULTS

Tables II–V display all the models tested to obtain the higher
coefficient of determination (r2), from the simpler linear
models to the complex polynominal models. While the der-
ivation of RI from EWC follows an exponential relationship,
the equivalent for the reverse operation, this is, the derivation
of EWC from RI is better described by a logarithmic equa-
tion. The model that best fits the relationship between sucrose

†AFAB Enterprises (2000). Refractive index tables at http://www.refractometer.
com/refindextab.html.

TABLE II. Equations Derived by Regression Analysis to Obtain the RI of a Sucrose Solution by Using the Brix (%) or EWC (100 �
Brix%) Values Measured With the Manual Refractometer Atago N-2E. Whole Model was Used (Brix 16.07–100%)

Conversion Linear Exponential Polynomial

From Brix (%) to RI RI � 0.002�Brix � 1.3271 RI � 1.3283�e0.0014�Brix
RI � 8�10�06�Brix2 � 0.0014�Brix �

1.3333
r2 � 0.994 r2 � 0.996 r2 � 1

From EWC � 100 � Brix
to RI RI � �0.002�WC � 1.5229 RI � 1.5267�e�0.0014�EWC

RI � 8�10�06�EWC2 � 0.0029�EWC
� 1.5447

r2 � 0.994 r2 � 0.996 r2 � 1

Source: AFAB Enterprises (2000). Refractive Index tables: http://www.refractometer.com/refindextab.html.
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concentration or water portion and RI is given by a polyno-
mial equation.

When we compare the model derived from the whole
range of sucrose concentration (0–83.93% Brix or 16.07–
100% EWC) against that derived considering only the normal
EWC range for current SCL (20–80% EWC or 80–20%
Brix), not statistical significant differences are observed. Mi-
nor changes between both models when RI is derived from
EWC are obtained as seen in Tables II and IV and graphically
displayed in Figures 1(a) and 2(a). Conversely, some remark-
able differences are observed between models that predict
EWC from RI as seen in Tables III and V as well as Figures
1(b) and 2(b). The practical consequences of this fact will be
explored later in this section.

Hence, to obtain EWC from RI measurements made with
the CLR 12–70, we can use the following equation:

EWC � 952.85 � RI2 � 3193.9 � RI � 2664 (2)

Figure 3 shows the relationship between the EWC con-
verted from the RI measured with CLR 12–70 automated
refractometer from the whole Brix range, and the nominal
EWC and with the measured EWC with Atago N-2E. Both
regression lines display a high coefficient of determination
(r2), although the relationship between derived EWC and
measured EWC with manual refractometry displayed the
stronger relationship. The same is also valid when the con-
version equation derived from the reduced Brix scale (SCL
EWC range) are used, being only slightly different in the
terms of the regression equations but with the same level of
correlation as defined by the correlation coefficients (r2),
which is observed in Figure 4. In this case, the equation used

to convert RI from the CLR 12–70 to EWC values is given by
the following expression:

EWC � 834.62 � RI2 � 2852.3 � RI � 2417.4 (3)

Figures 5 and 6 show the relationship between RI calcu-
lated from the EWC readings with the Atago N-2E by using
whole Brix range relationships or reduced Brix range rela-
tionships, respectively. In this case, to obtain RI from Atago’s
EWC reading by using the whole Brix range, we have applied
equation 4 and equation 5 to obtain the same conversion,
using a reduced Brix range confined to the normal EWC
interval for current SCL (reduced Brix scale).

RI � 8�10�06 � EWC2 � 0.0029 � EWC � 1.5447 (4)

RI � 8�10�06 � EWC2 � 0.0029 � EWC � 1.5454 (5)

Again there are minimal differences between both equa-
tions what is reflected on the almost identical representations
seen in Figures 5 and 6.

DISCUSSION

We have used two models based on the relationship between
sucrose concentration in a solution and RI to derive EWC
from CLR 12–70 measures of RI and to derive RI values from
Atago N-2E EWC readings. Both models were based on the
relationship existent between sucrose RI and EWC or Brix
value measured with refractometry. The first one considers

TABLE IV. Equations Derived by Regression Analysis to Obtain the RI of a Sucrose Solution by Using the Brix (%) or EWC (100 �
Brix%) Values Measured With the Manual Refractometer Atago N-2E. Reduced Model was Used (Brix 20–80%)

Conversion Linear Exponential Polynomial

From Brix (%) to RI RI � 0.0021�Brix � 1.3166 RI � 1.3202�e0.0015�Brix
RI � 8�10�06�%Brix2 �

0.0013�Brix � 1.3346
r2 � 0.996 r2 � 0.998 r2 � 1

From EWC � 100 � Brix
to RI RI � �0.0021�EWC � 1.5285 RI � 1.5318�e�0.0015�EWC

RI � 8�10�06�EWC2 �
0.0029�EWC � 1.5454

r2 � 0.996 r2 � 0.998 r2 � 1

Source: AFAB Enterprises (2000). Refractive Index tables: http://www.refractometer.com/refindextab.html.

TABLE III. Equations Derived by Regression Analysis to Obtain the Brix (%) or EWC (100 � Brix%) of a Sucrose Solution by Using
the RI Values Measured With the Automatic Refractometer CLR 12–70. Whole Model was Used (Brix 16.07–100%)

Conversion Linear Logarithmic Polynomial

From RI to Brix (%) Brix � 507.45�RI � 673.2 Brix � 715.49�Ln(RI) � 202.99
Brix � �952.85�RI2 �

3193.9�RI � 2564
r2 � 0.994 r2 � 0.996 r2 � 0.999

From RI to EWC �
100 � Brix EWC � �507.45�RI � 773.2 EWC � �715.49�Ln(RI) � 302.99

EWC � 952.85�RI2 �
3193.9�RI � 2664

r2 � 0.9936 r2 � 0.996 r2 � 0.999

Source: AFAB Enterprises (2000). Refractive Index tables: http://www.refractometer.com/refindextab.html.
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the whole range of sucrose concentrations (0–84%), which
equates EWC from 16 to 100%. The second one was pro-
duced considering only values within the normal range of
hydration for currently available SCL, this is, EWC ranging
from 20 to 80%, which equates Brix values within the range
from 80% to 20%.

When the specific relationships derived within the interval
for SCL hydration to obtain RI from EWC measured with the
Atago N-2E are used, small differences are noticed (only the

TABLE V. Equations Derived by Regression Analysis to Obtain the RI of a Sucrose Solution by Using the Brix (%) or EWC (100 �
Brix%) Values Measured With the Manual Refractometer Atago N-2E. Reduced Model was Used (Brix 20–80%)

Conversion Linear Logarithmic Polynomial

From RI to Brix (%) Brix � 470.28�RI � 619.01 Brix � 671.19�Ln(RI) � 186.34
Brix � �834.62�RI2 �

285.3�RI � 2317.4
r2 � 0.996 r2 � 0.998 r2 � 1

From RI to EWC � 100 � Brix EWC � �470.28�RI � 719.01 EWC � �671.19�Ln(RI) � 286.34
EWC � 834.62�RI2 �

2852.3�RI � 2417.4
r2 � 0.996 r2 � 0.998 r2 � 1

Source: AFAB Enterprises (2000). Refractive Index tables: http://www.refractometer.com/refindextab.html.

Figure 1. Relationship correlating the RI of a sucrose solution as a
function of the Brix% (sucrose concentration) and the equations to
derive RI from EWC (a) and vice-versa (b).

Figure 2. Relationship correlating the RI of a sucrose solution as a
function of the Brix% (sucrose concentration) and the equations to
derive RI from EWC (a) and vice-versa (b). Relationship correlating the
RI of a sucrose solution as a function of the Brix% (sucrose concen-
tration) within the normal range of SCL EWC, to derive RI from EWC
(a) and vice-versa (b).
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188 GONZÁLEZ-MÉIJOME ET AL.



third decimal place is affected in one unit in some cases
(�0.05% in all cases). Therefore, we conclude that the reli-
ability of equations derived from the whole EWC interval of
sucrose are as valid as those obtained by limiting the range to
that of current SCL EWC to derive RI values from manual
refractometry with Atago N-2E.

Regarding the reverse operation, to obtain EWC from the
RI obtained with the CLR 12–70 automated refractometer
limiting the scale according to normal hydrogel lenses EWC,
more significant differences were observed reaching 0.5% of

EWC in some cases. This resulted in overestimation of EWC
for medium and high EWC SCL from 0.01% for Galyfilcon
A, which displays a reading of EWC around 55% with
refractometry (47% nominal), to 0.53% for the 72% Vasur-
filcon A. Conversely, the same model tends to underestimate
EWC of SCL with lower EWC readings, being �0.37% for
Polymacon. However, this approach is much more simple
than that recommended by the manufacturer by measuring the
RI of the polymer in the hydrated and dried state. We must

Figure 3. Regression analysis displaying the relationship between
EWC converted from RI measurements made with the CLR 12–70
(polynomial equation in Table III-2nd row-whole Brix model) against
nominal EWC (open circles, doted line) and EWC measured with
Atago N-2E (closed circles, solid line).

Figure 4. Regression analysis displaying the relationship between
EWC converted from RI measurements made with the CLR 12–70
(polynomial equation in Table 5–2nd row-reduced Brix model) against
nominal EWC (open circles, doted line) and EWC measured with
Atago N-2E (closed circles, solid line).

Figure 5. Regression analysis displaying the relationship between RI
converted from EWC measurements made with the Atago N-2E (poly-
nomial equation in Table 2–2nd row-whole Brix model) against nom-
inal RI (open circles, doted line) and RI measured with CLR 12–70
(closed circles, solid line).

Figure 6. Regression analysis displaying the relationship between RI
converted from EWC measurements made with the Atago N-2E (poly-
nomial equation in Table 2–2nd row-reduced Brix model) against
nominal RI (open circles, doted line) and RI measured with CLR 12–70
(closed circles, solid line).
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claim the attention for the larger spread of data for the
relationship between nominal EWC and derived EWC from
RI measured with CLR 12–70 seen in Figures 3 and 4 for the
less hydrated materials. This is likely to be due because of the
misinterpretation of the EWC of silicone hydrogel materials
by refractometry. It is known that because of lower RI of
siloxane compared to conventional hydrogel monomers,
these lenses give lower RI than expected due to its lower
EWC, hence give higher EWC values when Brix-based meth-
ods are used to measure RI.25 We have investigated this fact
for the four silicone hydrogel contact lenses currently in the
marketplace and have found that such materials follow their
own linear relationship regarding the correlation between RI
and EWC.28

From these results, we can conclude that using a model of
sucrose solution limited to the normal range of EWC of
current hydrogels, we avoid negligible underestimations of
RI as derived from Atago N-2E, but we can reduce more
significant bias in EWC estimates from the CLR 12–70
automated refractometer induced if we use the model ob-
tained by considering the whole range in the sucrose solution
model. Bias will overestimate EWC for high water contact
lenses and underestimating EWC for the less hydrated sam-
ples. Also, it seems to be a trend such as the higher the EWC,
the higher the overestimation, and the lower the EWC, the
more significant the underestimation.

Nevertheless, we have to remember that these models are
not corrected for their direct application with silicone hydro-
gel materials. For such materials, the lower RI of siloxane
compared to HEMA-based polymers is interpreted by the
manual refractometers as possessing a higher EWC than they
actually have. We have recently studied this topic for the four
silicone hydrogel contact lenses currently available in the
marketplace and demonstrated that those materials follow
their particular relationship between RI and EWC that must
be considered when EWC is to be obtained by refractome-
try.28

Both manual and automated refractometers have their own
advantages and disadvantages. Both instruments are easy to
use, although hand refractometry requires training, while
automated refractometry with the CLR 12–70 is more accu-
rate and less operator dependent. Regarding affordability and
portability, hand refractometry is more convenient and has
been successfully applied in clinical trials4,5,9,18,22 and even
in the hands of patients.3

Present results can be applied by clinicians and researchers
to derive and maybe compare readings of EWC or RI ob-
tained with automated and manual refractometry with a high
level of confidence. Potential applications of this investiga-
tion include studies of contact lens dehydration, hydrogel
polymer deterioration, and spoliation, etc. The expensive and
accurate automated refractometer CLR 12–70 could be used
to evaluate hydrogel material EWC as well as the inexpen-
sive, portable, and relatively easy to use hand refractometer
Atago N-2E could be used to analyze RI of hydrogel mate-
rials. To the best of our knowledge, this is the first time that

such considerations were elucidated in a peer-reviewed jour-
nal.

Nichols et al. studied nineteen soft lenses not including
silicone hydrogel lenses, using the Atago CL-1. The range of
nominal EWC was from 42.5 to 69%.23 In another study, the
same authors reported the RI of twenty-three soft lenses,
including Focus Night & Day as silicone hydrogel lens using
the CLR 12–70 (Index Instruments, Cambridge, UK).25

Surprisingly, they found difficulties on measuring Vifilcon
A with the CLR 12–70 automated refractometer in the sec-
ond, but only cited difficulties on measuring it with the Atago
CL-1. In the present study, we were not able to measure this
material either with the CLR 12–70 automated refractometer
or with the Atago N-2E hand refractometer.

With the present study, we have proved that we can obtain
EWC or RI from manual and automated refractometers. This
will have important implications for the development of
experimental and clinical research, regarding the level of
EWC of hydrogel contact lenses and the changes experienced
under different conditions.

This work was supported in part by a grant from the Science and
Technology Foundation (FCT), Ministry of Science and Superior
Education (MCES), and European Social Fund (ESF) to J.M. G.-M.
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