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Abstract. Measurements of the tissue concentrations of two chemotherapy agents have been made
in vivo on an animal tumour model. The method used is based on elastic-scattering spectroscopy
(ESS) and utilizes a fibre-optic probe spectroscopic system. A broadband light source is used
to acquire data over a broad range of wavelengths and, therefore, to facilitate the separation of
absorptions from various chromophores. The results of the work include measurements of the
time course of the drug concentrations as well as a comparison of the optical measurements with
high-performance liquid chromatography (HPLC) analysis of the drug concentrations at the time
of sacrifice. It is found that the optical measurements correlate linearly with HPLC measurements,
but give lower absolute values.

1. Introduction and background

1.1. The need for non-invasive measurements and the goal of this work

The ability to non-invasively measure the concentrations of various drugs and compounds in
tissues could provide a variety of benefits for pharmacological research and, ultimately, clinical
applications. The advantages of non-invasive measurements for determining concentrations
of chemotherapy and photodynamic therapy (PDT) drugs are numerous. Clinically, the
therapeutic benefit of anticancer drugs is a function of the concentration–time profile in
tumour tissue. It is important to know not only the time-course of the plasma concentration,
but also the local tissue concentrations (Eichler and Muller 1998). Therefore, the ability
to track the location and time-history of compound concentrations in tissue non-invasively
would be advantageous for the development of new chemotherapy drugs (Kerr and Los
1993, Donelliet al 1992). The concentrations and kinetics of drugs at specific locations
in the body are generally difficult to determine, given only the administered dosage or
blood serum measurements. At present, however, there are very few minimally invasive
or non-invasive methods for determining drug concentrations in tissue (Blochl-daumet al
1996).

The problem of determiningin vivo tissue concentrations of various drugs is especially
important for the development of PDT, a new treatment modality for cancer, wherein a site-
selective drug is photoactivated with an appropriate wavelength of light. PDT (which is in
various stages of FDA approval for several indications) is being investigated for treatment of
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several cancers including skin cancer, bladder cancer and carcinoma in the GI tract. (For recent
reviews see Schuitmakeret al (1996), Doughertyet al (1998) and Chang and Bown (1997).)
PDT is also being investigated for use in non-malignant diseases such as rheumatoid arthritis
(Ratkayet al 1998) and the selective removal of endometrial tissue (Bhattaet al 1992, Fehr
et al 1996). The ideal implementation of PDT requires delivery of the proper light ‘dosage’,
which in turn requires understanding of the optical properties of the tissue and knowledge
of the drug concentrations present in the tissue to be treated.In vivo measurements would
provide information on patient–patient variability in the uptake of the drug and, therefore,
make possible individual dosimetry for PDT. In addition, the site-specific time-history of the
drug is especially important because the photoactivation should be done when the ratio of drug
concentration in the tumour to surrounding tissue is at a maximum.

The method described here requires that the drug to be measured have a reasonably strong
optical absorption band, somewhere in the range 330–1700 nm, but preferably not directly
coincident with the strong bands of haemoglobin or water. Table 1 contains absorption peaks
for several chemotherapy and PDT agents, demonstrating that there are a wide variety of
compounds amenable to optical measurement. An important class of clinically approved
anticancer agents are the anthracycline compounds and their analogues. Anthracyclines are
pigmented and have indicator-like properties (red in acid and blue-violet in alkaline solution).
Because of their pigmentation, anticancer agents that are anthracyclines (or analogues) are
excellent candidates for non-invasive optical monitoring. This class of chemotherapy agents
includes daunorubicin (= daunomycin), epirubicin and doxorubicin (= adriamycin), the last
of which is examined in this paper. Derivatives of anthracyclines are still being developed
(Choiet al1998, Arcamone 1998). Another carbocyclic chemotherapy agent is mitoxantrone,
which is also discussed in detail in this paper and which has strong absorption bands in the
visible spectrum. Additionally, mitomycin C, an antitumour antibiotic, has strong absorption
bands at 216, 360 and a weak band at 555 nm (Stevenset al 1965, Webbet al 1962). Taxol is
available commercially in forms that are tagged with visible chromophores (Molecular Probes,
Inc., Eugene, OR). All photodynamic therapy drugs (by design) have well-characterized
visible/NIR absorption bands, in many cases due to porphyrins, with strong absorption
coefficients, generally exceeding 104 M−1 cm−1 (Levy 1994). Because these absorptions are
typically in the wavelength range of 600–800 nm, there is little interference from absorption
by haemoglobin.

Table 1. Examples of important chemotherapy and PDT agents.

Known bands (nm) Observations

Chemotherapy agents
Doxorubicin 479, 496, 529 Broad band that lies between the

(overlapping) main Hb bands
Mitoxantrone 608, 671 Very well suited
Mitomycin C 360, 555
Taxol–tagged versions 500, 570

PDT agents All have well-suited red lines
Photofrin II (Haematoporphyrin

derivative) 430, 630
ALA/ protoporphyrin IX 430, 635
Benzoporphyrin derivative 430, 690
Zinc phthalocyanine 675
mTHPC 420, 520, 652
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The primary goal of this work is to further develop a method and instrumentation for
non-invasive, real-time measurement of changes in absorber concentrations (Mourantet al
1997a) and to apply this technique toin vivomeasurements of chemotherapy agents in tissue.
The method invokes a fibre-optic probe with a spectroscopic system, whose probe geometry
can be compatible with clinical endoscopes, topical manipulation or small needles. A general
schematic of the system components is shown in figure 1. In this paper we demonstrate the
value of this method to pharmacology research by measuring the site-specific time-history of
tissue drug concentrations in real laboratory research circumstances.

Figure 1. General component layout of the instrumentation.

1.2. Definitions of scattering and absorption parameters

In this paper we use the well-established optical parameters for describing scattering media,
such as tissue: the scattering coefficient,µs(λ), is the inverse of the mean-free path between
scattering events; the absorption coefficient,µa(λ), is the inverse of the absorption mean-free
path;P(θ) is the probability of scattering through an angleθ and is also called the phase
function; and the anisotropy factor,g = 〈cosθ〉, is the average cosine of the scattering angle.
For most tissues the value ofg is greater than 0.85 (Wilson 1995, Cheonget al1990). It is also
convenient to use the ‘reduced scattering coefficient’, which can be regarded as the inverse
of an effective distance between direction-randomizing scattering events, and is defined as
µ′s = µs(1− g).

1.3. Current invasive methods for in situ measurement

Generally a biopsy or surgical tissue extraction must be performed in order to assay drug
concentration in tissue. This very invasive technique makes measuring time-histories difficult.
With small-animal studies, numerous animals are often sacrificed at different time intervals
after administration of the drug, permitting the tissue to be taken from target organ sites for
assay.

Less invasive than surgical biopsy is the method of microdialysis, which invokes small,
implanted, needle-shaped probes (Rossomondo and Kehr 1998). Microdialysis is a technique
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for sampling the extracellular fluid and is typically combined with HPLC to determine the
concentration of analytes in the extracellular fluid. Microdialysis probes have proved to
be useful forin vivo measurement of local tissue concentrations of low molecular weight
compounds in extracellular fluids. There are, however, difficulties in implementing this
technology and it has limitations (Humpelet al 1996). Some difficulties arise from the fact
that microdialysis probes are inherently invasive. The area around the probe can become
inflamed (Davies and Lunte 1995) and damage to the tissue may alter the biochemistry of
the tissue (Humpelet al 1994, Laytonet al 1997). Another limitation of microdialysis is
that the probes only extract compounds from extracellular fluid; no information is obtained
about concentrations in the cells themselves or in the capillary bed. Chemotherapy agents
often intercalate in DNA or bind to proteins and other components of the cells. Therefore,
information about the intracellular concentrations can be important.

1.4. Optical approaches to non-invasive measurement

There has been very little published on optical measurement of tissue concentrations of
chemotherapy agents. However, several groups have reported that measurement of PDT-drug
fluorescence can provide important information for dosimetry (Star 1997, Rhodeset al 1997,
Braichotteet al 1996). Some chemotherapy agents, and some of the PDT drugs, however,
are not fluorescent, and therefore cannot be measured by fluorescence techniques. Therefore,
absorption measurements are more general techniques. Furthermore, the light intensity to be
measured is larger (and therefore less expensive equipment is needed), and photobleaching is
not an issue.

For modest intensities, the predominant responses of tissue to light are scattering and
absorption. Both exhibit variations with wavelength in ways that reflect various parameters of
the tissue structure and biochemistry. The absorption and reduced scattering coefficients may
be determined from photon transport when measurement geometries are such that diffusion
theory is applicable. This may be done with time-resolved, frequency-domain or steady-
state measurements. The applicability of the time-resolved technique for measuring the tissue
concentration of a PDT drug has been demonstrated (Pattersonet al 1990). The time-domain
and frequency-domain methods both employ relatively complex instrumentation, making
clinical application difficult and/or costly. The use of narrow-bandwidth light sources in
these techniques limits the use of these methods to measuring compounds that have absorption
bands at the specific wavelengths of the light sources (and which do not overlap intrinsic
absorption bands). A combination of several light sources can allow for broader wavelength
measurements (Fantiniet al 1994), but further increases the cost of instrumentation.

Broad-wavelength, steady-state measurements based on diffusion theory have also been
investigated as a method for measuring absorption coefficients (Farrell and Patterson 1992,
Nicholset al 1997, Mourantet al 1997b, Linet al 1997) and photosensitizer concentrations
have been measuredin vivousing this method (Weersinket al 1997). For measurement of the
concentration of phthalocyanine tetrasulfonate in skin, the non-invasive estimate was found to
be proportional to the true concentration, but lower by a factor of three. In the case of liver
tissue, better agreement was found. The inaccuracies of the measurement of skin are probably
related to the fact that the tissue measured was quite inhomogeneous.

In all diffusion theory-based methods, the separations between light delivery and light
collection are of the order of millimetres to centimetres, and the volume probed is of the order
of 1 cm3. The large separation of the source and detector results in large distances of photon
travel and therefore a strong sensitivity to absorption. On the other hand, because of strong
absorption by haemoglobin bands and detector limitations, large-distance measurements are
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limited to a spectral range of about 600–950 nm, reducing the number of drugs that can be
monitored. Additionally, the spatial resolution is low due to the large tissue volume that is
probed.

1.5. Elastic-scattering spectroscopy

Elastic-scattering spectroscopy (ESS) refers to broadband white-light measurements made in
the optical geometry shown in figure 2, wherein separate illuminating and collecting fibres
are placed in direct optical contact with the tissue. With this method, surface reflections are
avoided and all of the collected light has undergone multiple scattering through the tissue in
making its way from the illuminating fibre to the collecting fibre. Optical signatures of tissue,
based on ESS, can be used to non-invasively diagnose malignancy and other tissue pathologies
in certain organs (Mourantet al 1995, 1996a, Perelmanet al 1998, Geet al 1998).

Figure 2. Depiction of the typical optical geometry used for elastic-scattering spectroscopy.

Elastic-scattering spectroscopy can be used to measure absorption coefficients in much
smaller volumes than the diffusion theory-based methods described in section 1.4. Methods
for measuring bilirubin concentrations are being developed based on an iterative algorithm,
which takes prior measurements of the reduced scattering coefficient as input (Jacqueset al
1997). Both that work and the work described here make use of Beer’s law. When the
pathlength of photon travel is known, Beer’s law can be used to determine the absorption
coefficient. (This is described in detail in sections 1.6 and 3.1–3.4.) The pathlength of photon
travel in a scattering medium generally depends on the scattering parameters of the medium.
In a previous publication (Mourantet al 1997a) we demonstrated that for an appropriate
range of fibre separations,ρ, between light delivery and collection fibres, the pathlength of
the collected photons,L, is insensitive to variations in scattering parameters for the range of
scattering parameters typically found in tissue. For the range of tissue scattering parameters
encompassed by the valuesµ′s = 5–15 cm−1,L is least sensitive to variations inµ′s whenρ is
in the range 1.5–2.2 mm. If there is significant absorption, this range broadens to 1.5–2.6 mm.

The idea of a ‘special’ fibre separation can be motivated by an intuitive examination of how
scattering affects the pathlengths for very small and for very large source–detector separations,
in the optical geometry of figure 2. In general, for very small fibre separations, the distance
travelled by the collected photons is longer for a less-scattering medium with higher values of
g than for a highly scattering medium and lower values ofg, because the photons need to do a
quick ‘U-turn’ (undergoing a certain number of high-angle scattering events) in order to nearly
reverse their direction of travel and reach the adjacent collection fibre. On the other hand,
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for large fibre separations photon scattering becomes isotropic (the photons ‘forget’ about the
orientation of the illumination fibre) and the distance travelled is simply longer for higher
scattering coefficients because more collisions are made between entrance and exit. (The case
of large separation becomes similar to the conceptually simpler case of light transport from
one side to the other of a scattering slab.) Therefore, there must be some cross-over regime of
intermediate values of fibre separation, for which the distances travelled by collected photons
are relatively insensitive to changes in scattering parameters.

In a highly scattering medium, there is a distribution of photon paths. Since, this work
focuses on measuring absorption coefficients, we are interested in the ‘effective’ pathlength
only as it is related to Beer’s law. As discussed in an earlier paper (Mourantet al 1997a),
the ‘effective’ pathlength,L, in which we are interested is not the same as the average of the
pathlengths travelled by the collected photons. A method for experimentally determiningL is
described in section 3.2.

Recently, it was reported that the optimal fibre separation for minimizing the sensitivity of
the collected surface fluence to variations in the reduced scattering coefficient is about 3.3 mm
(Schmitt and Kumar 1997). An important point is that this surface fluence is a different
parameter from the photon pathlength,L, which was shown to be insensitive to scattering
changes for a∼1.7 mm source–detector separation (Mourantet al 1997a). Therefore, it is not
surprising that different optimal fibre separations were obtained when minimizing sensitivity
to two different parameters. SinceL is the parameter of concern when using Beer’s law
to determine absolute concentrations of an absorber, we chose 1.7 mm as the optimal fibre
separation for this work.

When compared with measurement at discrete (or a narrow range of) wavelengths, a
broadband measurement enables generation of the complete spectral shape of the absorption,
including both the drug of interest and the native absorption bands. This broad spectral
measurement permits accounting for (and quantifying) contributions by native chromophores;
it may provide information relevant to the local environment of the drug, and could be useful
in determining the presence of metabolites. Tracking changes in native chromophores such as
haemoglobin and oxy-haemoglobin can be helpful in evaluating the response of a tumour to
the therapy.

1.6. General theory of the measurements

The basic approach taken in this work is to measure the elastic scatter signal before
administration of a drug (timet0) and then at several times after administration of the drug.
These measurements are then used to determine the change in absorption of the tissue due
to the presence of the drug, between timet0 and a later timet . Beer’s law which requires
knowledge ofL is used as the basis for the analysis. Equation (1) is Beer’s law, whereI (t)

is the collected light at timet ,1µa is the change in the absorption coefficient of the medium
(from t0 to t), andI (t0) is the collected light at timet0:

I (t) = I (t0) exp(−1µaL). (1)

(Geometric factors, such as numerical aperture, and system response are assumed to be constant
betweent andt0.) A time-dependent change in absorption may then be expressed as

µa(t)− µa(t0) = − ln

(
I (t)

I (t0)

)
L−1 (2)

where t0 represents the time just prior to the addition of the absorber. Modifications of
equation (2) will be required to accommodate time-dependent changes in scattering properties.



Optical measurement of drug concentrations in vivo 1403

As will be presented in sections 3.1 and 3.2, two sets of correction terms must be applied
to equation (2) in order to accommodate the complexities ofin vivo measurements. The
chosen fibre separation ensures thatL does not change with scattering properties, but it does
not ensure that the amount of collected light will not change. The relevant modification of
equation (2) is addressed in section 3.1. Additionally, equation (2) is strictly valid only over a
range of wavelengths for which there are no large changes in absorption, which would cause a
wavelength dependence ofL. A method for dealing with this second complication is described
in section 3.2.

2. Materials and methods

2.1. Instrumentation

A schematic diagram of the instrumentation is shown in figure 1. The illumination light source
was a pulsed xenon short-arc lamp, driven as a pulse burst during the 50 ms integration time of
the detector. (The total light incident on the tissue was less than 1 mJ.) Light was delivered to
the tissue and collected from the tissue using optical fibres (as shown schematically in figure 2).
The delivery fibre was 400µm in diameter and the collection fibre was 200µm in diameter.
Both fibres had a numerical aperture of 0.22. The centre-to-centre separation of the fibres was
1.7 mm, for the reasons discussed in section 1.5. An SD2000 miniature spectrometer (Ocean
Optics, Inc.) was used in thein vivostudies for dispersion and detection of the collected light.
Nonlinearity in the response of the detector was corrected for in the data analysis. The tissue
phantom studies were performed with an Acton 275i spectrograph (Acton Research Corp.)
for dispersion of the collected light and a TE-cooled CCD (Princeton Instruments, Inc.) for
detection of the light. To account for the wavelength dependence of the light source, fibres, and
light detection system, a reference measurement of reflectance from a spectrally flat diffuse
reflector was made (Spectralon, Lab Sphere Inc.).

2.2. Phantom studies

A suspension of Intralipid (a fat emulsion), withµ′s ∼ 7 cm−1 at 550 nm, was used to provide
a scattering phantom and Direct Blue Dye #71 (ACS #4399-55-7) was used as an absorber.
An elastic-scatter spectrum of the Intralipid suspension was taken before any dye was added
and then after each addition of blue dye. Sixteen aliquots of blue dye were added. After the
addition of the sixth and the eleventh aliquots of dye, the scattering properties of the solution
were changed by adding a small amount of concentrated Intralipid. The first produced a change
of 17.4% inµ′s , and after the final change, the reduced scattering coefficient had increased by
34%.

A suspension of polystyrene spheres (diameter∼0.895µm) was used to provide a second
tissue phantom withµ′s ∼ 14 cm−1 at 550 nm. The blue dye was again used to alter the
absorption properties of this phantom. An independent absorption spectrum of this dye in a
non-scattering aqueous solution was measured on a Cary spectrophotometer to determine the
absorption coefficient of the stock solution of the dye.

2.3. Induction of tumours in mice and administration of chemotherapy drugs

Four Nu/Nu (‘Nude’) mice (20 g) were inoculated subcutaneously with human squamous-cell
carcinoma cells (2× 106) at four sites: left and right shoulders and left and right hips. Four
weeks later subcutaneous tumours were present in all mice. The tumour size ranged from 0.5 to
1 cm in diameter. Three of the mice were treated with doxorubicin and one with mitoxantrone,
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by injection into the peritoneal cavity. Elastic-scattering spectroscopy measurements for each
mouse were performed through the skin on each tumour location, on the right thigh muscle,
and on the peritoneal cavity. These measurements were made prior to administration of the
drug, and at a series of times following administration, up to the time of sacrifice.

The administered dosages, and the times of sacrifice were:

• Doxorubicin: 4 mg kg−1 (a typical therapeutic dose): sacrificed at 22 h (mouse 1)
16 mg kg−1 (a larger than normal dose): sacrificed at 7.5 h (mouse 2)
16 mg kg−1 (a larger than normal dose): sacrificed at 4 h (mouse 4).

• Mitoxantrone: 1 mouse at 3 mg kg−1 (a typical therapeutic dose): sacrificed at 7.5 h
(mouse 3).

Following sacrifice the tumours and the appropriate thigh muscles were harvested. Some
optical measurements were made directly on a few of the extracted tumours. For the mice
treated with doxorubicin, the tissues were processed, and HPLC assays were performed to
determine the drug concentrations in the tumours/muscles at time of sacrifice. This permitted
direct comparison of the final absolute concentration measured optically with an independent
assay method. Doxorubicin was extracted from the tissues using a chloroform:isopropanol
(1:1) extraction method. (Recoveries of doxorubicin were 85 to 90%.) Doxorubicin
concentrations were determined by HPLC using a fluorescence monitor (excitation 470 nm,
emission 550 nm) and epirubicin as the internal standard. The mobile phase consisted of
acetonitrile: 0.035 M HCOOH-HCOONH4 buffer, pH 4.2 (35:65). No HPLC data were
available for mitoxantrone.

2.4. Optical measurements of tumours and muscles

The optical measurements were made by touching the tip of the fibre probe at right angles to
the skin surface and triggering the system. The system measures the ‘dark’ background and
then fires the light source for the 50 ms pulse burst. The ‘dark’ measurement is subtracted
from the measurement with the lamp. The tissues were measured before administration of
the chemotherapy agents and at several times after administration. All of the measurements
that were made prior to sacrifice were done across the thin skin over each site, to preserve
the intended non-invasive character of the measurements. This method was assumed to be
reasonable since the skin over the tumours was stretched thin (∼200µm) and constituted a
small fraction of the total pathlength of the collected photons.

2.5. Spectra of haemoglobin, doxorubicin and mitoxantrone

Absorption spectra of aqueous solutions of doxorubicin and mitoxantrone, as well as oxy- and
deoxy- bovine haemoglobin, were measured with spectrophotometers. Deoxyhaemoglobin
was obtained by reducing bovine haemoglobin (Sigma Chemical Co) with sodium dithionite
in an argon atmosphere. Oxyhaemoglobin was obtained by adding oxygen to the
deoxyhaemoglobin sample. The measured haemoglobin spectra agreed well with literature
values (Zijlstra 1991) below 600 nm, but not at longer wavelengths. Therefore, below 600 nm
we used our measured values (which were taken at much higher resolution) and above 600 nm
we used data taken from Zijlstra (1991). The spectrum of doxorubicin depends strongly on
solution conditions. Rather than using our measured spectra we chose to use a spectrum of the
DNA-bound form (Porumb 1978), which is likely to be more relevant for thein vivoconditions.
The spectra used for data analysis are shown in figure 3.
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Figure 3. Spectra of oxyhaemoglobin, deoxyhaemoglobin, doxorubicin and mitoxantrone. The
spectrum of doxorubicin is of the DNA-bound form and was taken from Porumb (1978).

2.6. Data fitting

For all fitting of experimental spectral data to theoretical curves discussed in the results section,
a Levenberg–Marquardt algorithm was used to search for coefficient values and minimize chi-
squared.

2.7. Monte Carlo simulations

In the Monte Carlo simulations photons are propagated in a manner similar to that described
by Wang and Jacques (Jacques and Wang 1995, Wanget al 1995). The distance between
scattering events was determined based on the value ofµs and the probability of absorption
for a given distance travelled was calculated usingµa. As the photons were propagated, the
positions of scattering events were recorded for the collected photons. The average distance
travelled by the collected photons in going from the source fibre to the detection fibre was also
computed. Methods for the initial launch of the photons and for their termination have been
described earlier (Mourantet al 1996b). For this work the angular probability distribution
for scattering, i.e. the scattering phase function, which was employed was the well-known
Henyey–Greenstein approximation (Henyey and Greenstein 1941).

3. Results

3.1. Changes in scattering properties between measurements do not affect absorption
measurements

As discussed in section 1.5, we have shown in previous work that with the proper choice of
fibre separation, the pathlength travelled by the photons is relatively insensitive to variations



1406 J R Mourant et al

Figure 4. Raw data from measurements of blue dye in an Intralipid suspension and the fit used for
baseline correction.

in scattering parameters (Mourantet al 1997a). It was demonstrated that analysis of
measurements of a scattering medium made before and after addition of an absorber yielded
the same value of absorption coefficient regardless of the scattering properties of the medium.
However, in that work, changes in scattering properties between (elastic-scatter) measurements
for a given location as a function of time were not considered. This type of situation is likely
to occur in tissue, either because of a change in physiological scattering properties or because
of slightly different placement of the probe at different times. It should be repeated here that
althoughL is insensitive to scattering changes for the chosen fibre separation, the amount of
collected light is sensitive to scattering changes.

To address this issue measurements were made on an Intralipid-based tissue phantom, and
the scattering properties were changed between some of the measurements of the elastic-scatter
signal. Spectral measurements of the tissue phantom were analysed by taking the ratio of a
given spectrum after addition of blue dye to the spectrum taken before any dye was added. The
negative log of each resulting spectral ratio was then computed. An example of the resultant
spectra is shown in figure 4. The absorbance of the blue dye is clearly present, but there is also
a slowly varying baseline in this example. This baseline is due to the fact that the scattering
parameters changed between the two measurements of the elastic-scatter signal, and therefore
the wavelength dependence of the collected light changed, althoughL did not. To account for
this baseline shift, the data outside of the region of absorbance of the dye were fitted to the
expression

c0 + c1λ + c2λ
2

wherec0, c1 andc2 are coefficients that are varied in the fit, andλ is the wavelength. The
baseline term was then subtracted from the spectral data at all wavelengths and the concentration
of blue dye determined from the peak height of the corrected spectral band. In this experiment
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there were two occasions at which the scattering parameters were changed. The absorbances
calculated before and after the change in scattering properties were less than 8% different from
each other in both cases.

3.2. Accounting for the dependence of pathlength onµa.

The other required modification of equation (2) is accounting for the variation inL with the
total absorption coefficient. AlthoughL is insensitive to variations in scattering properties
for the chosen source–detector separation, it does depend on absorption. The more absorbing
a medium is, the shorterL is. This is important forin vivo measurements, where there
may be strong absorption due to haemoglobin, which affects the pathlength of collected
photons.

To examine how absorption affectsL, Monte Carlo simulations were run with a variety
of absorption coefficients, and the pathlengths were calculated. It was found that equation (3)
can describe the dependence of pathlength on absorption:

L(µa) = x0 + x1 exp(−x2µa). (3)

The values of the coefficientsx0,x1 andx2 in equation (3), were determined from measurements
in a phantom. Specifically, ESS measurements were made in a suspension of polystyrene
spheres before and after the addition of each of 20 aliquots of blue dye. The ESS measurements
were analysed by taking the ratio of a given spectrum after each addition of dye to the spectrum
taken before any dye was added. The negative log of each resulting spectral ratio was then
computed. These spectra were then fitted to equation (4)

− log(I (t)/I (t0)) = c0(t) + c1(t)λ + c2(t)λ
2

+[Cdye(t)εdye(λ)][x0 + x1 exp(−x2Cdye(t)εdye(λ))] (4)

whereCdye is the concentration of blue dye andεdye(λ) is the measured extinction coefficient of
a non-scattering aqueous solution of the dye. The parameters that were allowed to vary during
the fits werec0, c1, c2 and the concentration of blue dye,Cdye. The values of the parameters
xi were fixed for a given set of fits. The values ofxi were established by performing several
sets of fits with different values ofxi until agreement between experimental and known values
of the concentration of blue dye were obtained. Results of the measurements are shown in
figure 5.

3.3. Absorption spectra of chemotherapy drugs

Absorption spectra of the two chemotherapy drugs used in this study, doxorubicin and
mitoxantrone, are shown in figure 3. Mitoxantrone has peaks near 610 and 661 nm as expected
from the literature (Feofanovet al 1997, Meweset al 1993). The absorption spectrum of
doxorubicin was taken from Porumb (1978) and is the DNA-bound form. It is characterized
by a blending of bands, resulting in a broad absorption feature from 440 to 540 nm (FWHM),
due to the presence of the dihydroxyanthraquinone chromophore (Porumb 1978, DiMarcoet al
1969).

3.4. Results of in vivo measurements on mice

Based on the results of sections 3.1 and 3.2, equation (5) is a general equation, which was used
in analysing thein vivo measurements on mice. The elastic-scatter spectra measured before
and after a change in absorbance areI1 andI2 respectively. The baseline term,B, is quadratic
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Figure 5. The correlation between the optical measurement of concentration of a blue dye added
to a suspension of polystyrene spheres and the calculated concentration of blue dye. The units are
in amounts of a stock solution present and are the same for both axes.

in wavelength andc0, c1 andc2 are fitting parameters. The pathlength function (i.e.L(µa)) is
given by equation (3) withxi set to be the experimentally determined values:x0 = 0.6 cm,
x1 = 1.3 cm andx2 = 3.565 cm.

− log(I2/I1) = B +1µaL(µa) (5)

where

B = c0 + c1λ + c2λ
2 and L(µa) = x0 + x1 exp(−x2µa).

The last term on the right-hand side of equation (5) is a function of the total absorption.
Therefore, in order to analyse the data it is necessary to have a measure of the total absorption.
Since it is impossible to make measurements in the absence of haemoglobin, the elastic-scatter
spectrum in the absence of haemoglobin was approximated. This approximation was done by
fitting a straight line to the wavelength range from 750 nm to 800 nm of the initial elastic scatter
measurement for each specific location and extrapolating this line over the entire wavelength
range of interest. (The wavelength range 750–800 nm was used because the intrinsic absorption
in tissue is very small in this region.) Equation (5) could then be used to determine the amount
of haemoglobin present at the start of the measurements (CHbO(t0)+CHbd(t0)), whereI1 is the
straight-line extrapolation,I2 is the initial elastic scatter measurement of a specific location,
andµa = 1µa are given by

µa = 1µa = CHbO(t0)εHbO(λ) +CHbd(t0)εHbd(λ). (6)

CHbO and CHbd are the concentrations of oxygenated and deoxygenated haemoglobin
respectively, andεHbO(λ) andεHbd(λ) are the measured extinction coefficients of oxygenated
and deoxygenated haemoglobin respectively.

Once the initial haemoglobin concentrations were determined, the elastic-scatter
measurements at times after administration of the drug were used to measure the time course
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Figure 6. Fits to the spectra obtainedin vivo from a mouse injected with doxorubicin.

Figure 7. Concentration of doxorubicin as a function of time as calculated from the optical
measurements. The concentration in the peritoneal cavity and an average of the concentration in
the four tumours is shown for mouse 2. The concentration in the tumour in the left shoulder is also
shown as a function of time. The units on they-axis are nanograms of doxorubicin per gram of
tissue. It was assumed that the density of tissue was 1.0 gm cm−3. The error bars shown for the
tumour averages of mouse 2 are a calculated standard deviation of the measurements on the four
tumours. They are therefore representative of a combination of the error in the measurements and
the variation in the amount of doxorubicin present in the different tumours.

of the drug concentration in the tissue. This analysis was done using equation (5), withI2
being the spectrum measured at timet , I1 being the initial spectrum measured at timet0, and
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µa and1µa given by equations (7a) and (7b) respectively:

1µa = 1CHbO(t)εHbO(λ) +1CHbd(t)εHbd(λ) +Cdrug(t)εdrug(λ) (7a)

µa = {1CHbO(t) +CHbO(t0)}εHbO(λ) + {1CHbd(t) +CHbd(t0)}εHbd(λ) +Cdrug(t)εdrug(λ).

(7b)

For doxorubicin, the fits were performed over the wavelength range 460 to 700 nm.
Example results of these fits are shown in figure 6. Figure 7 shows the time-history of

the measured drug concentrations for two of the mice, which were injected with 16 mg kg−1

doxorubicin and sacrificed at 4 and 7.5 h. Results are given for the average drug concentration
in the four tumours of mouse 2 and for one tumour of mouse 4. The drug concentration in
the peritoneal cavity (divided by 5) is also given for mouse 4. As expected, the concentration
of drug in the peritoneal cavity decreases with time (following the initial injection), while the
concentration in the tumours initially increases with time.

Figure 8. Comparison of the amount of doxorubicin present at the time of sacrifice as measured
by in vivo optical measurements and after tumour removal by HPLC. For clarity, error bars are
only shown where multiple optical measurements were made on the same tumour and the standard
deviation could be computed. The error bars for HPLC are 20% of the measured value.

Figure 8 shows the correlation between measurements of concentration performed by
ESS immediately before sacrifice compared with the corresponding HPLC results for the three
mice treated with doxorubicin. The two data points corresponding to the lowest doxorubicin
concentrations are from mouse 1. The mouse 1 point without error bars is the average of
the results for the four tumours. The point with error bars is the average of five optical
measurements on one tumour after harvest. All other data points are from mice 2 and 4. Those
without error bars are single optical measurements. Those with error bars are the average of
five optical measurements on a single tumour after harvest. (Measurements of two tumours
on mouse 4 were not used, because strong haemoglobin absorption caused these spectra to
be unusually noisy.) A straight line fit to the data points in figure 8 which was forced to go
through 0,0 is also shown in figure 8. The slope of this line is 0.65± 0.08. Ideally, the slope
of this line would be 1.
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Analysis of ESS spectra for the mouse injected with mitoxantrone was greatly simplified
due to the fact that mitoxantrone has absorbance peaks that are separated from the haemoglobin
bands. These data were fitted to equation (5), withµa = 1µa given by equation (8) over the
wavelength range 614–750 nm.

µa = 1µa = Cmito(t)εmito(λ). (8)

In this case the baseline-term is being used to account not only for the slow wavelength-
dependent scattering effects, but also for the changes in the small haemoglobin absorption in
this wavelength range. Examples of fits are shown in figure 9. Fits were performed both with
the measured mitoxantrone spectrum and a spectrum shifted by 18 nm to simulate a DNA
bound mitoxantrone spectrum (Feofanovet al1997).

Figure 9. Examples of fits to spectra measuredin vivoto obtain the amount of mitoxantrone present.
The full curves are the fits performed using the mitoxantrone spectrum shown in figure 3. The
broken curves are fits performed using a mitoxantrone spectrum shifted by 18 nm to approximate
the DNA-bound form.

The time courses for two tumours and the right thigh muscle are shown in figure 10. It
appears that very little drug was taken up by the tumour in the right hip, and that much more
drug is taken up by the right thigh muscle than by either of the tumours. For all tumours, the
amount of drug in the tumours increases over a period of at least 4 h.

4. Discussion

4.1. Possible interferences and sources of error

The optical absorption by chemotherapy drugs at therapeutic doses in tissue is expected
to be smaller than that of haemoglobin for wavelengths shorter than 610 nm. Therefore,
measurement of drugs with spectral absorption bands overlapping theα, β and Soret bands of
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Figure 10. Concentrations of mitoxantrone in the right thigh and tumours in the right hip and right
shoulder as a function of time after injection of the drug.

haemoglobin is difficult. Accurate spectra of both the measured drug and of haemoglobin are
needed. It is possible that the bovine haemoglobin spectra used in analysing the data in this
paper do not accurately represent the absorption of blood in these mice, and this may be one
source of error in the fits. A further source of error may be smaller endogenous absorptions,
which were not taken into account in our analysis. For example, in several of the fits a
significant discrepancy was found between the data and the fits at about 605 nm. Furthermore,
strong evidence for the presence of another absorber in the peritoneal cavity was found, as
several spectra from this location (although not for any of the tumours) showed an absorption
peak at about 670 nm.

The spectra of both doxorubicin and mitoxantrone are affected by their environment. In
the case of mitoxantrone, the relative ratio of the absorption maxima (near 615 and 665 nm)
depends on the amount of the monomeric and dimeric forms present, which is controlled by
solution conditions. Mitoxantrone is also known to bind to micelles and DNA. Interactions
with micelles do not affect the absorption spectra. Intercalation with DNA, however, causes
a significant red-shift of the absorption peaks. The two absorption bands shift from 610 nm
to 628 nm and from 661 nm to 680 nm respectively (Feofanovet al 1997). There are also
several metabolites of mitoxantrone—some with red-shifted absorption spectra and some with
blue-shifted absorption spectra (Meweset al 1993).

In analysing thein vivo mitoxantrone data it was found that the peak absorption of
mitoxantrone at about 660 nm was shifted to the red. In the peritoneal cavity (where the
optical absorption of the drug is greatest and this spectral shift is easily measured) a strong
absorption with a maximum at 681± 3 nm was present. This is consistent with mitoxantrone
being present primarily in a nucleic acid-bound form. It is unlikely that this spectral shift is
caused by the presence of metabolites, since the conversion of mitoxantrone to its metabolites
is only about 20% complete after 8 h in rathepatocytes, and some of the metabolites have
blue-shifted absorption spectra (Meweset al 1993). The mitoxantrone data were analysed
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with both the original spectrum and an 18 nm shifted spectrum. There was no significant
difference in chi-squared for the right shoulder, right hip, left shoulder or left hip between fits
with the two different mitoxantrone spectra. However, chi-squared was lower for the right
thigh and peritoneal cavity data when the shifted mitoxantrone spectrum was used.

The spectrum of doxorubicin is sensitive to its environment and is also modified upon
binding to DNA (Porumb 1978). The choice to use the DNA-bound spectrum in this work
was somewhat arbitrary, although motivated by the fact that the mitoxantrone spectra showed
evidence of being present in the DNA-bound form. Data analysis was also performed based on
an aqueous solution spectrum of doxorubicin. The results were qualitatively similar to those
obtained with the DNA-bound spectrum, i.e. there was a correlation between the HPLC and
optical results, but the absolute values of the optical results differed from those obtained by
HPLC.

The photon pathlengths for the initial measurements at timet0 may be slightly different
from the pathlengths for the measurement at timet . Our analysis assumes that these pathlengths
are the same and a difference in them would cause an error in the determination ofµa. For
the determination of chemotherapy drug concentrations this error should be small, because the
changes in absorption (due to addition of the drug and changes in haemoglobin concentration
and oxidation) between the measurements at timest0 andt are relatively small and therefore
cause only a minor perturbation inL. (There is probably a larger error in the calculation of the
amount of haemoglobin initially present. This error, however, will only have a small effect on
calculations of drug concentration through the consequent error inL for those calculations.)
We have chosen to use the pathlength that is appropriate for the measurements at timet . In
our analysis of blue dye in a suspension of spheres, this method of analysis gave excellent
results.

Some of the spectra obtained in this work were quite noisy at the wavelengths where
haemoglobin absorption is the greatest. This is probably due to the fact that the probe was
occasionally inadvertently placed over a blood vessel feeding the tumour. This source of error
can be easily avoided in the future by observing the locations of feeder vessels on the tumour
surface (visible through the thin skin of nude mice). Placing the fibre probe so as to avoid
placement directly over a feeder vessel will reduce interference from haemoglobin and will
provide a more reliable measurement of the tumour tissue itself. Another possible source of
experimental error may be variations in the skin thickness over different tumour sites. It is also
important to hold the probe properly over the site being measured. Significant deviations
(30◦) from normal incidence of the probe to the skin surface can also cause anomalous
readings.

For absorption bands that do not overlap with haemoglobin, a greater sensitivity to the
small changes in absorption can be achieved by using larger fibre separations and longer
integration times. If the fibre separations are kept below 2.2 mm, this will not significantly
increase the sensitivity to scattering.

4.2. Size of the tissue volume that is measured

A cross section of the tissue volume sampled by the photons is shown in figure 11. These
results are from a Monte Carlo simulation performed withµa = 0.1 cm−1, µs = 100 cm−1

andg = 0.9. The darker shaded regions indicate the locations where the collected photons
underwent scattering events. Almost 50% of the scattering events occurred at a depth of less
than 1 mm into the tissue and more than 75% occurred at a depth of less than 2 mm into the
tissue.
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Figure 11. Image of the locations of scattering events of photons which are collected.

4.3. Measurement of drug in the tissue versus blood-borne drug

Any method that measures a tissue volume that is large compared with the size of a capillary
vessel will not be able to easily distinguish between blood-borne and tissue-deposited agents.
Standard invasive tissue-assay methods, such as biopsy combined with HPLC, have this trait
since they incorporate any blood present in the tissue that is sampled. Interference from blood-
borne drug with measurements of drug concentration in the tissue occurs only when drug
levels in the blood significantly exceed those of the tissues, because blood accounts for only
about 8% of body weight (Marieb 1992). Furthermore, it is only over a short period of time
during and/or directly after the administration of the drug that the blood levels are significantly
greater than those of the tissue. Due to the fact that drugs will accumulate in the tissues, and
plasma drug concentrations will decrease over time due to drug distribution and excretion,
plasma/tissue ratios will quickly favour tissue concentrations over plasma concentrations. For
example, in one study where doxorubicin was administered, it was found that the doxorubicin
concentration in the leukaemic cells was 175-fold higher than in the blood plasma at the end of
a 45 min infusion period (Paulet al1980). Thus, for the case of a measurement in a tissue with
a high blood content, say 10%, 2 h after administration, when the ratio of the tissue-deposited
to blood-borne agent might be, say, 3:1, the blood will contribute only about 3% of the total
signal.

Optical measurements can have a major advantage over biopsy methods for distinguishing
blood-borne and tissue concentrations. The absorption spectrum of a chemotherapy drug can
change when the drug becomes localized in the tissue and binds to nucleic acids. This is
illustrated in our measurements of mitoxantrone, where the measured absorption spectrum
of mitoxantrone in the peritoneal cavity is consistent with nucleic acid-bound mitoxantrone.
Therefore, the spectral change can potentially be used to distinguish blood-borne and tissue
concentrations.
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In some cases there may be significant value in the complementary use of the optical
method described here and microdialysis. Once the drug has cleared from the blood,
a combination of microdialysis and the optical method could provide detailed information about
the location of the drug in tissue. Microdialysis will detect the drug only in the extracellular
fluid, whereas the optical method will also be sensitive to drug residing in the cells. Therefore,
it would be possible to track the diffusion/transport of the drug from the extracellular fluid into
the cells.

5. Summary and conclusions

In previous work using tissue phantoms we demonstrated, that for the appropriate
source–detector separations, the sensitivity of the pathlength travelled by the collected
photons,L, on scattering is greatly reduced. Here we have extended the tissue phantom
studies to anin vivoanimal model.

The in vivo system is more complicated than the previousin vitro models which were
studied. In order to address some of the issues regarding measurement and analysis of data from
the in vivo system, additional measurements were made of tissue phantoms under different,
yet still well-controlled, conditions. The issues addressed were the effect of changing the
scattering parameters between measurements and the effect of strong intrinsic absorptions
onL. A change in scattering properties during the time course of the measurements will not
changeL (in the geometry used in this work). However, a change in scattering properties can
alter the amount of light that is collected. It was found that the simple addition of a baseline
term in the analysis could be used to deal with this complication. Secondly, the issue of a
change in pathlength due to the presence of an absorber was addressed. The dependence of
pathlength on absorption was parametrized based on Monte Carlo simulations, and the values
of the constants in the parametrization were determined from experimental measurements.
Using these results, we were able to measurein vivo concentrations of two chemotherapy
drugs in mice.

The results of thein vivo measurements are the site-specific time-histories of
concentrations of mitoxantrone and doxorubicin (adriamycin) in nude mice. The site-specific
measurements of mitoxantrone concentrations indicate that there may be significant variability
in the uptake of this drug in different tumours. The time dependence of the measurements
demonstrates that mitoxantrone continues to accumulate in the tumours over a period of at least
4 h. This is consistent with the known pharmacokinetics of mitoxantrone. The penetration of
mitoxantrone into tissues is slow (Loset al1989, Los and McVie 1990), and the redistribution
back into blood plasma and clearance from the body are also slow processes (Batraet al1986).
Therefore mitoxantrone can be expected to accumulate in tissues slowly over time. Finally,
the wavelength dependence of the optical spectra indicates that the measured mitoxantrone
was bound to DNA. All of this is valuable information for the study of pharmacokinetics of a
drug.

The results of optical measurements of doxorubicin at the time of sacrifice were compared
with the absolute concentration as measured by HPLC analysis. A linear correlation was found,
but the optical results were lower than the HPLC results by about 35%. The reasons for this
discrepancy are at the moment unclear, but could be related to inaccuracies of the spectral
shape and magnitude of the doxorubicin spectrum used in fitting the data or to inaccuracies in
the coefficients of equation (3). In conclusion, we have demonstrated that elastic-scattering
spectroscopy has the potential to provide quantitative,in vivo, site-specific measurements of
drug concentrations.
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