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Remote temperature monitoring in ocular tissue using
confocal Raman spectroscopy
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Abstract. We demonstrated the feasibility of Raman spectroscopy for
remote temperature monitoring within the aqueous humor of the rab-
bit eye in vivo. Using a confocal Raman spectroscopy system, Raman
spectra from 2580 to 3800 cm™" were recorded in HPLC-grade water
and in the aqueous humor of the rabbit eye under in vivo and ex vivo
conditions within a temperature range of 14-34 °C. The ratio between
the integrated Raman intensities of two temperature dependent OH-
vibrational regions (OH2/OH1) in the spectra of water showed high
linear dependence on temperature both in pure water [0.0049
(£1.2%) T+0.4522(*0.5%), R*=0.99, n="50, p<0.05], as well as

Galveston, Texas 77555 in the rabbit aqueous humor [0.0036(=*2.8%) T+0.4966(*0.6%),
Ered Hendrikse R*=0.98, n=162, p<0.05] with a high degree of reproducibility
and sensitivity (~0.2-0.7 °C). Raman spectroscopy can be used for
high resolution and remote monitoring of temperature in the aqueous

humor under in vivo conditions. © 2005 Society of Photo-Optical Instrumentation
Engineers. [DOIl: 10.1117/1.1911901]
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Introduction currently used steady-state temperature or heat-transfer mod-
els of the eye could be validated through the accurate deter-

Raman spectroscop§RS) is a powerful optical method for
P PR P ’ mination of local variations in temperature within the éy&°

the biochemical characterization of biological metila. par- X . X . :
ticular, temperature effects on various biological systems have HOWeVer, no suitable technique is available for these kinds of
been studiedn vitro using this spectroscopic technitid. ~ assessments. Invasive methods such as the use of thermo-
The temperature of samples and specimens can also be detelCOUPIes are generally too intrusive for application in the eye
mined since Raman scattering is a temperature dependent pro@1d are unpractical for spatially resolved temperature mea-
cess. A well-established method for thermometry using RS Surements. The noninvasive detection of infrared radiation

entails the assessment of the Stokes/anti-Stokes Raman intenffom the eye does not usually permit direct intraocular tem-

sity ratio® Because the anti-Stokes lines are usually extremely Perature assessments because of the strong water absorption
weak at physiological temperatures, the applicability of this of this type of radiation. This technique has been }Jsed in the
method in living biological tissues is limited. Another previ- past to measure cornea! temperature as a pred|ctor for the
ously reported method consists of assessing the temperaturePharmacological - potential of ~ocular  anti-inflammatory

12
dependent changes in the shape of the Raman spectrum offUgs:

water® and has been applied for the remote temperature as- e have previously studied the use of Raman scattering to
sessments of subsurface ocean wateamd biological  detect biological molecules within aqueous huMof speci-
tissuesi® The latter could have significant applications in bi- Mens and have also reported on a noncontact confocal Raman

ology and medicine since most biological tissues are embed-SPECtroSCOPYCRS system specifically designed for the rapid

ded in water. and sensitive characterization of biochemical properties of
The feasibility of using RS for remote temperature mea- Ocular tissuein vitro.® Apart from the application of CRS for

surements in the eye was investigated. This is of clinical sig- Pharmacokinetic measurements in the the spatial and

nificance because it could potentially yield the evaluation of tempor?lzzdistribution of corneal hydration in anesthetized
the temperature reducing effect of ophthalmic anti- rabbits'** was assessed. With this method, the firstivo

inflammatory drug€2 and the monitoring of therapeutic in- R@man spectra of human corneas were successfully recorded
terventions involving potentially hazardous increases in in- @nd changes in corneal hydration due to the application of a
traocular temperature. The latter could be an important issuetoPical dehydrating agefitwere detected.

during phaco-emulsification of the ocular Iéfidaser photo- The noncontact mode of operation of the CRS technique
refractive surgery of the cornépr localized heating of the and the ability to assess small volumes of material make this
eye during chemotherapy of intraocular tumbt#n addition, technique applicable for remote temperature measurements

within the eye. Thus, with this project, it was sought to deter-
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mine the feasibility of CRS for temperature monitoring in tive, and reproducible Raman spectral feature was utilized to
aqueous solutions and the aqueous humor of the rabbit eyepredict the temperature in aqueous solutions and the aqueous
underin vivo circumstances. humor of the rabbit eyes.

Materials and Methods Results

A noncontact confocal CRS system, for which a detailed de- Figure Xa) shows typical Raman spectra in the range from
scription and overall performance have been described 2580 to 3780 cm' of HPLC-grade water at two temperatures
elsewheré? was used for Raman spectroscopic assessments(30 and 45 °Q. It can be seen that the Raman spectral features
of aqueous solutions and aqueous humor of rabbit eyes undeiof water change as a function of temperature, since the re-
in vivo and in vitro circumstances at various temperatures. gions from ~3000 to 3400 and-3500 to 3650 cm® show

The major instruments of this system are an argon &3R4 marked differences in intensity and shape with changing tem-
model from Coherent Laser Group, Palo Alto, CAs the perature. However, these changes are rather subtle and can be
excitation sourc€514.5 nm, a planachroma25x numerical visualized more clearly when plotting the change in Raman
aperature=0.5; ausJena, Jena, Germamgicroscope objec-  intensity per degree change in temperatgfd/AT) as a

tive with a 12 mm working distance that focuses the incident function of the Raman shift, as depicted in Fidgb)L With
laser light and collects the backscattered Raman signal, and ancreasing temperature, the region labeled QR878—-3430
single grating spectrometéBPEX 500 M; Spex Industries, cm %) decreases in intensity while the region OKR430—
Edison, NJ with a nitrogen cooled charge coupled detector 3729 cm?) increases in intensity. These changes are in the
array (CCD) consisting of 1024256 pixels. A 400um diam- order of 0.5% of the maximum photon counts~a8190 and
eter fiber(2 m long that transmits the Raman signal to the 3550 cm /°C change in temperature. The occurrence of an
spectrometer and acts as the pinhole in the confocal configu-isoskedastic point a+-3430 cm* corresponds well with re-
ration, providing a 92Qum integration depth within the aque-  ported numbers in the literatuféData taken from the HPLC-
ous humor. waterin vitro and the rabbit aqueous humiarvivo measure-

For calibration purposes, HPLC-grade water was heated toments yield comparable results, as can be seen from the
~50°C, transferred to a quartz cuvette, and left to cool to dashed and solid curves in Fig(bl, respectively. This sug-
~30°C while monitoring the temperature with a calibrated gests a consistency in the relationship between the changes in
thermocouple as the control. Raman spectra in the Ramanthe Raman spectral features of water and the change in tem-
shift range from 2580 to 3780 crhwere recorded at regular ~ perature.
intervals using 25 mW of argon-laser light and exposure times  In order to find the most suitable Raman spectroscopic
of 10 s. In addition, tests to determine whether the Raman predictor(RP) for the temperature in an aqueous sample, eight
spectral features of water would change due to the direct ex- Raman spectroscopic features were tested for their reproduc-
posure of laser radiation were performed. Consequently, to ibility, sensitivity, and validity, by evaluating the relationship
examine potential heating of water by the probing laser beam, RP=A(*= SE,) T+ B(* SEg), whereA andB were the slope
Raman spectra were recorded in HPLC-grade water at a con-and the intercept, respectively, of the curve-fit between water
stant temperature of~23°C at irradiation powers ranging temperaturdéT in °C) and the Raman spectroscopic predictor.
from 5 to 150 mW and exposure times ranging from 1 to The standard errorSE, and SE; were used as a measure of
120 s. reproducibility, while the correlation coefficief®? could be

Under an Institutional Review Board-approved animal pro- used as a measure of accuracy. The results are summarized in
tocol that complied with the ARVO Resolution on the Use of Table 1. As can be seen in Table 1, the best predictor for water
Animals in Research, the animal studies were performed ontemperature using Raman spectral information was the inte-
16 eyes from a total of nine NZW rabbits-3.5 kg). Prior to grated Raman intensity ratio (B430—-372%IR(2878-3430
Raman spectroscopic assessments, the rabbits were anestheith the lowestSE, and SE; and the highesR?. The rela-
tized with Ketamine and Xylazine and were restrained in a tionship between this predictaifOH2/OHY) and the water
holder to reduce movement artifacts. For reference tempera-temperature of HPLC-grade waté€F) from 30 to 46 °C is
ture measurements, either a rectal thermoprobe was usedlepicted in Fig. 2 yielding the formula2®H2/OH1=0.0049
alone (n=13eye}, or in conjunction with a needle- (*=1.2%)T+0.4527+0.5%), R?=0.99, n=50, p<0.05.
thermocouplgn= 3 eye$ which was positioned in the aque- This particular ratio was used for the remainder of the experi-
ous humor of the eye. In order to obtain a wide range of ments.
intraocular temperatures, the aqueous humor of the rabbit The influence of the photothermal interaction of the laser
eyes was probeith vivo at different core temperatures with or  beam with water on the Raman spectral features revealed no
without applying additional whole body heating with a heat- appreciable change in the integrated Raman intensity ratio
ing pad(~40-41°Q, after euthanasia with the eye cooling OH2/OH1 due to increasing light fluence. Analyzing similar
downin situ (ex vivo) and during warming up of a cold stored  signal-to-noise ratio spectra of HPLC-grade water-&13 °C
(15°C; 1 b enucleated eym vitro. In all cases, Raman stud- showed a ratio OH2/OH1 of 0.56Z®.0016, corresponding
ies were conducted using the same wavelength of 514.5 nm,to a calculated temperature of 23.@.1°C and a standard
along with a laser power of 25 mW and an integration time of error of ~0.3%.

10 s. The results on the noncontact Raman spectroscopic assess-

Initially, the Raman spectra of HPLC-grade water were ment of the aqueous humor temperatdrenge 14-34°C
analyzed qualitatively in order to find temperature dependent using the intraocular thermocouple as a standard are shown in
Raman spectral features. Consequently, the most valid, sensiFig. 3. A strong linear relationship was found between the
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Fig. 1 (a) Raman spectra of HPLC-grade water in a quartz cuvette at two different temperatures (mea-
sured via a calibrated thermocouple), (b) change in Raman intensity (A/) in the spectrum of water as a
function of the change in temperature (AT) within the HPLC-grade water (bold line) and the rabbit
aqueous humor (dashed line).

measured aqueous humor temperature and the Raman intenserved. In comparison, in anesthetized rabbits without the in-
sity ratio OH2/OH1(solid line in Fig. 3, with OH2/OH1 traocular thermoprobe at a steady-state core-temperature of
=0.003§ +0.000) T+ 0.496¢ +0.003Q0 (R?=0.9763, n 37.9+0.6 °C, an integrated Raman intensity ratio OH2/OH1
=162). The slope of this relationship differed slightly from of 0.617£0.009 was found(n=199 assessmenjs corre-

the results obtained from the experiments performed on water.sponding to a temperature of 33:6.13 °C when utilizing the
However, than vivo assessments agreed well with the HPLC- HPLC-grade water data for calibration.

grade experimentdashed line in Fig. B In anesthetized rab-

bits at a steady-state core temperature of 38.9 °C, the . .

aqueous humor temperature was 33082 °C as determined  Discussion

by the invasive thermocouple measurements. Noncontact Ra-The CRS was used to determine the temperature-dependent
man spectroscopic assessment of the aqueous humor revealechanges in the Raman spectra of aqueous solutions and the
an integrated Raman intensity ratio OH2/OH1 of 0.613 aqueous humor of the rabbit eye at various temperatures in
+0.005 (n= 65 assessmentscorresponding to the tempera- order to test the feasibility of CRS for assessing the intraocu-
ture of 32.8:0.3 °C using the calibrated HPLC-grade water lar temperature remotely.

data. No statistical significant difference between the direct A highly linear relationship was found between the OH2/
and remote measurements of intraocular temperature was ob-OH1 Raman intensity ratio and the temperature of the aque-
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Table 1 Raman spectroscopic predictors of water temperature. /=Raman peak intensity; IR=integrated
Raman intensity.

RP=A(*SE,) T+ B(SE,); with T=water temperature (°C)

Raman spectroscopic predictor

(RP) A SE.(%) B SE,(%) R?

1(3184) -0.47 0.01(2.5) 74 0.45(0.6)  0.9720
1(3558) 0.25 0.01(5.0) 47 0.48(1.0)  0.8916
1(3558)/1(3184) 0.014 0.0003(1.9) 0.53 0.01(1.9)  0.9832
IR(2878-3430) -96 3.0(3.1) 25170 118(0.5) 0.9551
IR(3430-3729) 43 1.7(3.9) 12075 65(0.5) 0.9311
IR(3430-3729)/IR(2878-3430)  0.0049  &E-5(1.2) 0.4522 0.0023(0.5) 0.9928
1(3558)-1(3184) 072  0.014(1.9) -25 0.5(2.1) 0.9825
IR(3430-3729)-IR(2878-3430) 140 2.1(1.5)  -13100 84(0.6) 0.9887

ous humor of rabbit eyes over a temperature range from 14 tothe HPLC-grade water experiments, additional variables in
34 °C with a high degree of reproducibility as measured by the ex vivosituation besides the temperature could have influ-
the standard errar-1.2% of the slope. The sensitivity of the  enced the changes in the shape of the Raman spectrum of
proposed thermometric application of CRS is solely a charac- water. This difference could be partly due to the interaction of
teristic of the signal-to-noise ratio of the recorded spectra and the applied euthanasia agent with the aqueous humor and the
is determined by the incident light energy used and the shotfact that the blood-aqueous barrier breaks down after eutha-
noise of the CCD camera. The aforementioned standard errornasia of the rabbits with a consequent leakage of proteins into

corresponds to a standard deviation-e8%. Thus, a differ- the aqueous humor. This could possibly result in the occur-
ence in the integrated Raman intensity ratio~af6% corre- rence of interfering fluorescence or otherwise alter the back-
sponding to a temperature difference-e0.2 °C is easily re- ground properties of the spectra. It is also possible that the
solved within the experimental conditions used in this study. concentrations of anion (CI”,HCO;) and cation

In the in vivo studies, a temperature sensitivity 0.7 °C (Na",K"™,Mg?") electrolytes could cause possible perturba-

was achieved. As compared to the previously reported tem-tions in the dissociation equilibrium constants of the water

perature measuremeritshe improvement of the temperature molecule clusters, although these concentrations within the

sensitivity in our measurements can be attributed to the high aqueous humor are quite smédlg.,Na: 142 mmol per Kg

signal-to-noise ratio Raman spectra that can be obtained withof H,O; CI™: 131 mmol per Kg oH,0). Finally, the curva-

our confocal system, and, more importantly, to the fact that ture of the cornea may also cause slight changes in the col-

the whole Raman spectral characteristics of water can be re-lection of the Raman scattered light in timevivo andex vivo

corded in single spectral scan. measurements. Nevertheless, it was shown that the proposed
A slight difference in the OH2/OH1 Raman intensity ratio method was easily applicable in thevivo situation and dem-

versus temperature relationship was observed between the

animal and the HPLC-grade water experiments, although both

relationships exhibited a high linear dependence on tempera-
ture. Since then vivo animal results agreed favorably with
— 0.700 -
2
% y = 0.0049x + 0.4522
g
2 0.650
2
£
§
§ 0.600 {
3 [ ©IR(3430-3729)/IR(2878-3430) | 10 15 o] 25 30 35 40
g Aquecius humar temperature [°C)
g 0.550
30 32 34 36 38 40 42 44 46 48 Fig. 3 Relationship between the Raman intensity ratio OH2/OH1 (n
Temperature (°C) =162) and the aqueous humor temperature of rabbit eye A (squares:
in vivo, circles: ex vivo) and eye B (diamonds: in vivo, triangles: ex
Fig. 2 Integrated Raman intensity ratio of the OH-peak regions 2878- vivo). Dashed line is the fitted linear curve from Fig. 2 extended to
3430 and 3430-3729 cm™" as a function of water temperature. lower temperatures.
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onstrated that the intraocular aqueous humor temperature of 7.
anesthetized rabbits can be reliably monitored remotely using 8
noncontact confocal Raman spectroscopy. ‘
The use of the experimental parameters of light exposure
(250 mJ at a wavelength of 514.5 nm is clearly above the 9.
retina safety levels for human applicatidiidn order to ad-
dress this, we have recently obtained a CCD detecting system,
which has twice the quantum efficiency of the detector used in
this present study. We are also investigating the use of a
longer laser excitation wavelengt632.8 or 647 nmto im-
prove retinal safet§” Changes in the optical setup are also 11.
being conducted, such as utilizing a larger diameter collecting
fiber, to increase the recorded Raman scattered signal. With

these changes, the ability to use this system for human studiesi2.

is possible(see Ref. 28 It should also be noted that the
physical properties of the confocal probe, such as the strong
divergence of the excitation beam after focusing on the region ,,

G. E. Walrafen, “Raman spectral studies of the effects of temperature
on water structure,J. Chem. Phys47, 114-126(1967.

R. Vehring and G. Schweiger, “Optical determination of the tempera-
ture of transparent microparticles,Appl. Spectrosc.46, 25-27
(1992.

D. A. Leonard, B. Caputo, and F. E. Hoge, “Remote sensing of sub-
surface water temperature by Raman scatterifgppl. Opt. 18,
1732-17451979.

H. Baranska and A. Labudzinska, “Fermi resonance ¢DHs a
temperature indicator or probe of biological samples in the exciting
beam of a laser Raman spectrometeXgpl. Spectrosc4l, 1068—
1069(1987.

H. Fujishima, I. Toda, Y. Yagi, and K. Tsubota, “Quantitative evalu-
ation of postsurgical inflammation by infrared radiation thermometer
and laser flare-cell meterJ. Cataract Refractive Sur@0, 451-454
(1994.

M. Tanaka, T. Hasegawa, M. Matsushita, H. Miichi, and S. Hayashi,
“Quantitative evaluation of ocular anti-inflammatory drugs based on
measurements of corneal temperature in rabbits: Dexamethason and
Glycyrrhizin,” Ophthalmic Resl19, 213—-220(1987.

13. J. W. Berger, J. H. Talamo, K. J. LaMarche, S. H. Kim, R. W. Snyder,

of interest and the ability to precisely control positioning of
the optical probe at different depths within the eye, makes it
virtually impossible to accidentally focus on the retina.

In conclusion, the Raman spectrum of water is subject to
change as a result of changing temperature. This indicates that

care should be taken when comparing Raman spectra of bio-15,

logical tissues containing watére., either the temperature is
kept constant or the Raman spectra are corrected for the tem-
perature dependent changedore importantly, since water is

the major component of most biological specimens, confocal 17.

Raman spectroscopy might possibly be used to noninvasively
monitor the temperature of these tissues. This pilot study
showed that confocal Raman spectroscopy can be applied for18

remote temperature measurements within the aqueous humor

of the rabbit eye unden vivo conditions with a high degree
of sensitivity, specificity, and reproducibility.

19.
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