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Since the dual-wavelength spectrophotometer was developed, it has been widely used for studying
biological samples and applied to extensive investigations of the electron transport in respiration
and redox cofactors, redox state, metabolic control, and the generation of reactive oxygen species
in mitochondria. Here, we discuss some extension of dual-wavelength approaches in our research
to study the physiological and functional changes in intact hearts and in vivo brain. Speci¯cally,
we aimed at (1) making nonratiometric °uorescent indicator become ratiometric °uorescence
function for investigation of Ca2þ dynamics in live tissue; (2) eliminating the e®ects of physio-
logical changes on measurement of intracellular calcium; (3) permitting simultaneous imaging
of multiple physiological parameters. The animal models of the perfused heart and transiently
ischemic insult of brain are used to validate these approaches for physiological applications.

Keywords: Dual-wavelength; optical spectroscope and biomedical imaging; heart; brain; Rhod2
°uorescence.

1. Introduction

In 1950s, Britton Chance invented the dual-wavelength
spectrophotometer,1 which has been widely used

for physiological studies, including bioenergetics,

especially for trend measurements of hemoglobin

oxygenation and of cytochrome oxidation.2�8 To

*This manuscript is dedicated to the memory of Britton Chance who introduced me (C. Du) to NIR spectroscopy with
dual-wavelength approach in 1996 at the University of Pennsylvania, USA.
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compare with Millikan's dual-wavelength tech-
nique,9 he improved the technology10 to be very
e±cient for measuring small di®erence of absorption
and rejecting changes of background light scattering
since the two wavelengths that were selected by a
pair of monochromators were quite close together.1

Furthermore, this principle has been applied for near-
infrared (NIR) measurement to characterize hemo-
globin absorption; for example, while wavelength of
760 nm is responsive to the deoxy form, the wave-
length of 850 nm is responsive to the oxy form, and
the di®erence between the two was very nearly
balanced in intensity by using ¯lters of appropriate
transmission bandwidth as demonstrated in his
spectrophotometer.10 Importantly, while the two
wavelengths of �1 and �2 selected have absorbance
symmetrical to that at isobestic wavelength (i.e. �iso)
but with opposite direction (e.g., "Hbxð�1Þ�"Hbxð�isoÞ
� "Hbxð�isoÞ�"Hbxð�2Þ, it can maximize the sensitivity
of the optical measurement to the changes in the
tissue oxygenation. In other words, the subtraction of
the absorbance at �1 and �2 enhances oxy-deoxy
changes of hemoglobin.11 The sum of the absorbance
can be used to give the total amount of hemo-
globin.10,11 This two-wavelength approach allows us
to distinguish the hemoglobin oxygenation changes
from the changes in total hemoglobin concentration
(e.g., blood volume) in biological tissue such as
brain. This technique has been validated for human
studies, especially in measuring muscle and
brain,10�12 which now has been widely used for
diagnosing diseases10,13,14 (e.g., brain hypoxia, hae-
matomas, etc.) and for functional activity study of
brain (e.g., fNIRI).3,15�17

In our optical di®usion and °uorescence spec-
troscopy system, we adapt this dual-wavelength
technology but within the visible region to determine
the changes in the cerebral blood volume (CBV) and
tissue oxygenation induced by ischemia18 and
stimulants (e.g., cocaine) in the rodent brain.19 Here,
we discuss more dual-wavelength approaches devel-
oped in our research, which focus on (1) making
nonratiometric °uorescent indicator become ratio-
metric °uorescence function for investigation of
Ca2þ dynamics in live tissue; (2) eliminating the
e®ects of physiological changes on measurement of
intracellular calcium; (3) permitting simultaneous
imaging of multiple physiological parameters. The
animal models of the perfused heart and transiently
ischemic insult of brain are used to validate these
approaches for physiological applications.

2. Dual-Wavelength Approach to
Make Nonratiometric Fluorescence

Indicator Become Ratiometric

Function for [Ca2þ]i Measurement

The measurement of calcium (Ca2þ) transients is
important to study a number of physiological
characteristics of cardiac function. Fluorescence
technology has demonstrated great potential for
detection of Ca2þ transients in the perfused
heart.20�22 The noninvasive nature of the °uor-
escence method allows the beating heart to act at its
own control, which is more physiological than iso-
lated myocyte studies. However, the limitation of
measuring Ca2þ transients in the whole heart model
is the poor penetration of °uorescence excitation
and emission because of the overwhelming scatter-
ing and strong absorption of tissue to ultraviolet
(UV) light required for the traditional ratiometric
Ca2þ indicators.

Ca2þ indicators excitable at the relatively longer
wavelength, for example, with visible light region
such as Rhod2, are commercially available. The
advantages of these °uorescence dyes over the
UV-excitable Ca2þ indicators are long excitation
and emission wavelengths, which allows for greater
penetration, and reduced interference from natu-
rally occurring °uorescent compounds such as
NAD(P)H. Moreover, the changes in °uorescence
upon Ca2þ binding are high, e.g., a 100-fold increase
in °uorescence when Rhod2 binds to Ca2þ. The dis-
advantage of Rhod2 is that there is no shift of either
excitation or °uorescence emission spectra upon
binding with Ca2þ, so that common ratiometric
methods to quantify Ca2þ content cannot be used.23

Figure 1 shows the problem if we could not ratio,
indicating the e®ects of Rhod2 washout on °uor-
escence emission. Figure 1(a) illustrates the loading
of Ca2þ indicator into the intact heart. Speci¯cally,
Rhod2 (AM) (Invitrogen, 100�g) is dissolved with
dimethylsulfoxide (DMSO, 4�L) and distilled water
(200 �L), mixed with oxygenated Krebs solution
(9 mL) and then is bolused through the perfusate.
After 20�25min, �6-fold increase in °uorescence
can be detected at 589 nm (�em) when excited at
524 nm (�ex). Ca

2þ-dependent °uorescence transi-
ents along with the corresponding left ventricular
pressure signals are acquired. Figure 1(b) shows the
time course of the Ca2þ-dependent °uorescence
signals of the transients (from diastole to systole,
pink curves) and the mean °uorescence (black dots).
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The attenuation of °uorescence emission as a func-
tion of time (both in the mean °uorescence and
Ca2þ transient amplitude) is observed as shown
in Fig. 1(b), thus indicating the e®ects of Rhod2
washout on °uorescence signals.

To overcome this problem, we come up with a
strategy to measure the re°ective absorbance at
excitation wavelength of 524 nm (�ex) along with
that at emission wavelength of 589 nm (�em). As the
absorbance is Rhod2 sensitive at �ex but Rhod2
insensitive at �em, the ratio of the re°ected absor-
bance at these two wavelengths (i.e. A�ex=A�em,
hereafter abbreviated as A�ex;�em) can be used as a
measure of dye (i.e., Rhod2) concentration in tissue.
Figure 2 shows the schematic of the absorbance
measurements (by PMT-A) simultaneous with the
Ca2þ-dependent °uorescence (by PMT-F) from the
perfused heart. The ratio of the re°ective absor-
bance between 524 nm and 589 nm (i.e., A�ex;�em) is
acquired from the heart by time-sharing using a
°exible liquid light guide coupled to a photo-
multiplier tube PMT-A. The light guide is positioned
at 45o on a vertical plane to avoid the specular
re°ection from the interfaces between the perfusion
chamber and the heart surface.

Figure 3 shows the simultaneous measurement
of Ca2þ-dependent °uorescence F �ex;�em and the
absorbanceA�ex;�em as a function of time. It is clearly

Fig. 2. A schematic of simultaneous °uorescence and absorbance measurements from the surface of intact heart under perfusion.
Mono-Ex: monochromater for excitation wavelength; Mono-Em: monochromater for °uorescent emission wavelength; PMT-ref:
reference photomultiplier tube for detecting light source °uctuation; PMT-A: PMT for detecting re°ective absorbance; PMT-F:
PMT for °uorescence detection; LPF: long pass ¯lter to block excitation light.

Fig. 1. (a) Rhod2 washout from the heart decreases; (b) °u-
orescence mean intensity (black hollow circles) and transients
(magenta curves) as a function of time.
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shown that both °uorescence and absorbance signals
decline at the same rate with time, which demon-
strates a proportional impact of dye leakage on the
°uorescence and absorbance measurements. More
importantly, after normalizing by the absorbance,
both the mean Ca2þ °uorescence and the transient
amplitude remained unchanged with time, thus con-
¯rming that the ratiometric technique of F �ex;�em=
A�ex;�em can eliminate the e®ects of dye concentration
changes on the ½Ca2þ�i measurement for the physio-
logical study of the heart.

3. Dual-Wavelength Approach to

Minimize the Influence of

Physiological Changes on
Fluorescence Measurement

Although the excitation and emission of Rhod2 are
in the visible range of 500�630 nm, where tissue
chromophores (mainly myoglobin in perfused heart)
absorb much less light than in the UV range, the
tissue optical properties (absorption and scattering)
still play an important role in the °uorescence
detection. This so-called \inner ¯lter" e®ect, to a
great extent, depends on tissue oxygenation.22

Figure 4 shows the re°ective absorption spectra of
myoglobin obtained from the surface of a perfused
mouse heart with varying oxygenation state from
normoxic (red dashed curve) to hypoxic (brown

dashed curve). The corresponding °uorescence spec-
tra of Rhod2 measured from the heart at these two
states (i.e., normoxia and hypoxia) are superposed in
Fig. 4 as well (i.e., pink and dark-red solid curves,
respectively). It demonstrates that the °uorescence
intensity of Rhod2 changes with the oxygenation of
the heart, except at the isosbestic wavelengths (e.g.,
589 nm etc). To minimize the in°uence of the tissue
absorption changes caused by the oxygenation on the
absorbance and °uorescence detection, two isosbestic
wavelengths of �ex ¼ 524 nm and �em ¼ 589 nm with
regards to myoglobin oxygenation are chosen for
°uorescence excitation and emission detection. In
addition, the re°ectance spectra of heart tissue at
524 nm and 589 nm are approximately equivalent
(i.e., R�ex � R�em as illustrated in Fig. 4), thus
implying a similar optical pathlength at these two
wavelengths. Therefore, the in°uence of the potential
°uctuation in tissue scattering onF �ex;�em orA�ex;�em

can be minimized.

4. Dual-Wavelength Approach to
Permit the Simultaneous Imaging

for Multiphysiological Parameters

Compared with conventional nueroimaging mod-
alities, e.g., fMRI and PET/SPECT, optical imaging
techniques have the potential for high spatiotem-
poral resolutions and di®erentiation of the changes

Fig. 3. E®ects of Rhod2 washout from the heart on °uorescence mean intensity (black hollow circles) and transients (magenta
curves) and absorbance (blue solid circles) (top panel) and the corrected measurement using °uorescence-to-absorbance ratio as a
function of time (bottom panel).
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in cerebral blood °ow (CBF), CBV and hemoglobin
oxygenation and neuronal activities by utilizing a
wide variety of optical e®ects, including Doppler
e®ect, absorption, scattering, °uorescent labeling and
photon-acoustic e®ects.24,25 More importantly, sim-
ultaneous imaging of these parameters will immensely
enhance our understanding of the processes that
underlie neural activities and brain functions.

4.1. Simultaneous imaging of

hemodynamic and blood
oxygenation changes in cortex

Figure 5 illustrates our recently developed dual-
wavelength (�1 ¼ 785, �2 ¼ 830 nm) laser speckle
imaging technique (DW-LSCI) that enables con-
current imaging of changes in CBF, CBV (or total
hemoglobin) and hemoglobin oxygenation (i.e., oxy-
hemoglobin [HbO2] and deoxy-hemoglobin [HbR])
at high spatiotemporal resolutions.26 Figure 6 shows
the results of the validating experiment using a
transient ischemia model in rat forebrain. Figure 6(a)
represents the CBFmapping of the rat cortical brain.
Figures 6(b)�6(e) show the time courses of the
changes of oxygenated-(b:�[HbO2]), deoxygenated-
(c: �[HbR]) and total hemoglobin (d: [HbT]) along
with blood °ow changes (e, �CBF(%)) in large

(blue) and small (red) vessels as well as the tissue area
(green), illustrating the spatiotemporal hemody-
namic and oxygenation changes induced by ischemia.
The selected regions of interest (ROIs) are marked in
Fig. 6(a). At the onset of reperfusion after 5-min
ischemia, all the signals started to recover to their
baselines in the perturbed cortical regions.

4.2. Simultaneous imaging of CBF
and [Ca2þ]i dynamics induced

by ischemia and reperfusion

To simultaneously image CBF changes along with
the changes in intracellular calcium (½Ca2þ�i) from
the surface of the live brain, a green laser of 532 nm
was added into our DW-LSCI system (Fig. 5).
Rhod2 (12�g) was slowly (�30min) loaded into the
brain cortex through a micropipette, and a �60-min
waiting period after the loading permits cellular
uptake of Rhod2. The in°uence of the hemoglobin
absorption on the °uorescence emission can be cor-
rected empirically through CBF changes measured
simultaneously.27 Figure 7 shows the in vivo results
of CBF (lower panel) and ½Ca2þ�i °uorescence
(upper panel) response to a transient ischemic
insult, including the time lapsed mapping and
the averaged time courses of ½Ca2þ�i °uorescence

Fig. 4. E®ects of oxygenation changes on myoglobin absorbance (dashed lines) in perfused heart and Rhod2 °uorescence spectra
(solid lines), based on which two isosbestic points in the absorbance spectra at �ex ¼ 524 and �em ¼ 589 nm were selected as the
excitation and detected emission wavelength for Ca2þ-dependent °uorescence measurement.
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[(a) 0�4 and (c)] and CBF [(b) 0�4 and (d)] change
of the brain during the experiment. It shows the
decrease in CBF and increase of ½Ca2þ�i induced by
ischemia, but both turned back towards recovery

upon reperfusion. This demonstrates the capability
of the two-wavelength approach for simultaneous
imaging of CBF mapping and ½Ca2þ�i °uorescence
on a living brain.

Fig. 6. (a) Snapshot of DW-LSCI cerebral blood °ow (CBF) image of rat cortex and time course of (b) �[HbO2], (c) �[HbR], (d)
�[HbT] and (e) percentage CBF changes in the selected regions of interest (blue: a large vessel; red: a small vessel, green: selected
tissue region) elicited by the ischemia and reperfusion challenge. The pair of dashed lines indicate the onset of ischemia (t ¼ 0 min)
and reperfusion (t ¼ 5min) periods.

Fig. 5. Sketch illustrating the DW-LSCI setup. Laser diodes at 532 nm, 785 nm and 830 nm. LPF: longpass ¯lter, DM: dichroic
mirror, APO: Apochromatic objective.
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5. Summary

In summary, we present the two-wavelength tech-
niques developed in our laboratory which have been
validated for the °uorescencemeasurement of ½Ca2þ�i
transients from the beating heart and for the optical
neuroimaging of the in vivo brain. Speci¯cally, we
demonstrate that the °uorescence-to-absorbance
ratio at two isosbestic wavelengths of 524 nm and
598 nm can be used to calibrate the changes of dye
concentration due to wash-out during the heart
perfusion as well as the changes of tissue oxygenation
states. Adaptation of dual-wavelength to neu-
roimaging technique provides simultaneous imaging
of multiple physiological parameters such as cerebral
blood °ow, hemoglobin oxygenation and intracellular
calcium, thus distinguishing the cellular activation
(½Ca2þ�i) from vascular function (CBF) and tissue
oxygen metabolism ([HbO2] and [HbR]). Our
experimental results demonstrate the power of dual-
wavelength techniques, which open new opportu-
nities to study the function of normal or diseased
organs (e.g., heart or brain) to understand their
physiological and pathological processes for future
medical intervention.
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