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Optical method for real-time monitoring of drug
concentrations facilitates the development of novel
methods for drug delivery to brain tissue
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Abstract. The understanding of drug delivery to organs, such as the
brain, has been hampered by the inability to measure tissue drug
concentrations in real time. We report an application of an optical
spectroscopy technique that monitors in vivo the real-time drug con-
centrations in small volumes of brain tissue. This method will facilitate
development of new protocols for delivery of drugs to treat brain can-
cers. The delivery of many anticancer drugs to the brain is limited by
the presence of the blood-brain barrier (BBB). Mitoxantrone (MTX) is
a water-soluble anticancer drug that poorly penetrates the BBB. It is
preliminarily determined in an animal model that the brain tissue up-
take of chemotherapy agents—in this demonstration, MTX—delivered
intra-arterially is enhanced when the BBB is disrupted. © 2007 society of

Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.2744025]
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In the brain, the vascular endothelial cells lining the blood
vessels demonstrate unique anatomical characteristics that
limit the passage of many molecules, creating in effect a bar-
rier between the contents of the blood and the brain tissue.
The blood-brain barrier (BBB) is a membrane that limits pas-
sage to molecules that are either very small (<400 Daltons)
or highly lipid soluble (such as oxygen, carbon dioxide, eth-
anol, and steroid hormones). Alternatively, molecules could
be transported across the barrier with the aid of specific trans-
port mechanisms (such as sugars and some amino acids). A
major challenge for the treatment of most brain disorders is
the difficulty of delivering therapeutic agents across the BBB
to specific regions of the brain. BBB disruption can be in-
duced biochemically by the use of vasoactive substances,
such as mannitol, which is a pharmacologically inert hyper-
osmotic agent. Mitoxantrone (MTX) is a water-soluble che-
motherapy agent that is used in the treatment of some types of
cancer, such as breast cancer, leukemia and non-Hodgkin’s
lymphoma, prostate cancer, and some GI cancers. MTX has a
molecular weight of 454 Daltons, has optical absorption peaks
at 608 and 671 nm, and does not penetrate the BBB. Recent
work by others has shown that chemotherapy agents can be
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successfully delivered to the brain when the BBB is
disrupted. =

The concentration and kinetics of drugs at specific loca-
tions in the body are generally difficult to determine given
only the administered dosage or blood serum measurements.
There are several conventional laboratory techniques for
monitoring local pharmacokinetics,*™ but they lack fast tem-
poral resolution. It has been previously demonstrated that the
drug concentrations of optically absorbing drugs can be mea-
sured locally in small volumes of tissue for a wide range of
tissue scattering properties by the method of optical pharma-
cokinetics (OP), based on a variation of diffuse reflectance
spt;—:ctroscopy.lo’Il The goal of this work is to demonstrate that
the OP method can measure in vivo and in real time the time-
concentration profile of an optically absorbing chemotherapy
drug in brain tissue. It is established that the concentration of
a chemotherapy agent in brain tissue through intra-arterial
(TA) administration is enhanced when it is coupled with the
temporary disruption of the BBB. The OP technique could be
useful for future studies of drug pharmacokinetics in the treat-
ment of brain tumors.

The OP method has been described in detail in previous
publications.'*"! Briefly, a xenon-arc lamp (Perkin Elmer, LS-
1130-3) was used as an illumination light source
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Fig. 1 Schematic diagram of the optical pharmacokinetics system.

(450 to 850 nm). Light was delivered to and collected from
the tissue using optical fibers. The delivery and collection
fibers had a diameter of 400 um and 200 wum, respectively,
and had a center-to-center separation of 2 mm. Both fibers
had a numerical aperture of 0.22. A spectrometer (Ocean Op-
tics, S2000) is used to collect light scattered by the tissue, and
the spectrum is analyzed by a computer. A schematic diagram
of the system is shown in Fig. 1.

Measurements were taken at several time points before and
after drug administration. The data analysis has been previ-
ously described by Mourant et al."' Briefly, the OP system
takes a background measurement followed immediately by a
measurement while firing the lamp. The background measure-
ment is subtracted from the light measurement to obtain a data
point (). The change in tissue absorption coefficient (Agu,) is
obtained using Eq. (1):
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where L(u,) is the path length, B is a baseline shift due to the
changes in the scattering parameters between the two mea-
surements, and I(z,) and () are measured data points before
and at any time after the injection of the drug, respectively.
The baseline is defined by Eq. (2):
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where ¢(2), ¢,(1), and ¢,() are baseline coefficients, and \ is
the wavelength. The path length, which is dependent on the
total absorption, is determined by Eq. (3):

L(/"La) =Xo+ X exp(_ x2/‘l‘a)7 (3)

where x, x;, and x, are calibration coefficients specific to the
probe geometry, which are obtained by taking measurements
on a tissue phantom with known optical properties. Last, u,
and Apu, are defined by Egs. (4) and (5), respectively:

ta=[Acpo(t) + cpolto) Jemmo(N) + [Acy,(1)
+ CHb(tO)]sHb()\) + Cdrug(t)sdrug()\) > (4)

Apy = Aco(Demo(N) + Acyy(D)€(N) + Crug(D)€4rig(N) .
(5)

The initial concentrations of oxyhemoglobin and deoxyhemo-
globin are represented by cppo(fp) and cpy(tg), respectively,
and the changes in concentration are represented by Acgo(f)
and Acy, (1), respectively. The concentration of the drug is
represented by c4,,,(7), and the extinction coefficients of oxy-
hemoglobin, deoxyhemoglobin, and the drug are given by
empo(N), €pp(N), and &,,,(N), respectively. It is important to
note that the path length is wavelength dependent and varies
over time as a function of the variation of the total back-
ground absorption (u,).

The negative log ratio of each resulting spectrum was fitted
to Eq. (1) for the wavelengths of 500 to 800 nm. The param-
eters that were allowed to vary during the fit were Acgpo,
Acpp Carugs €0 €1, and c,. The values of cypo(to) and cpy(to)
were approximated by fitting a straight line to the wavelength
range of 750 to 800 nm of the initial measurement, and the
line was extrapolated over the full wavelength range of inter-
est. Eq. (1) was used, where I(7,) is the extrapolated line and
I(¢) is the initial measurement. For this case, p,=Aw,, which
is given by Eq. (6):
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Fig. 2 (a) OP tissue measurements of Indigo Carmine Blue bolus, for 0.01, 0.05, and 0.1 g/100 ml. The error bar represents the maximum fit
uncertainty. (b) Maximum peak of ICB concentration measured as a function of the ICB concentration injected. The error bars represents the fit

uncertainty.
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Fig. 3 Example of the negative log ratio and fit of Eq. (1) during (with
drug) and after (without drug) drug infusion on an intact BBB.

Five New Zealand white rabbits (3 to 4 1b) were used as
the animal models. Rabbits were selected as the experimental
model because

e they present a clear, primate-like separation of the exter-
nal and internal carotid circulations, permitting regionally
controlled perfusion for IA administration'”

e the rabbit’s skull has a fairly large size, which permits
the setup of a variety of instrumentation

e there are established tumor models in the animal
species13

e the animal can withstand hemodynamic stress associated
with the experimental protocol.]4

The rabbits were anesthetized, and the left internal carotid
artery (ICA) was located using the retinal discoloration test.”
For all animals, the anesthesia was maintained with 0.5-ml
boluses of intravenous 1% propofol (Diprivan, Astra Zeneca).
At 2 to 5 mm anterior to the bregma and 3 to 5 mm lateral to
the midline on the surface of the brain, a small area
(~4 mm diam) of the skull was shaved down until a thick-
ness of ~100 wm was obtained, and the optical fiber probe
was placed in contact with the remaining thin layer. Optical
contact between the fiber probe and the thin layer of skull was
assisted by wetting the surface with water. A catheter was
inserted into the left branch of the carotid, to control the blood
perfusion and to administer the compounds.
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Each of the five rabbits was injected through the ICA with
three boluses of Indigo Carmine Blue (ICB) (MW: 466.35).
Each bolus had a different concentration value of 0.01, 0.05,
and 0.1 g per 100 ml of saline. Each bolus consisted of 2 ml
of solution manually infused over 20 s. Measurements were
taken once every second for a period of 2 minutes. Indigo
Carmine Blue does not penetrate the BBB under normal con-
ditions; therefore, the measurements obtained relate to the
amount of drug contained within the blood compartment,
which occupies a fraction of the small tissue volume probed
with the OP system. The boluses were injected 5 min apart.
Since blood-borne ICB is rapidly removed by the kidneys,
local ICB concentrations in the brain were below the mea-
surement threshold after 5 min. Figure 2(a) depicts the time-
concentration profile of the ICB (in the blood compartment)
as measured by the OP system in the brain tissue during the
infusions of the three dye concentrations in one rabbit. The
maximum peak of the ICB concentration measured in each
animal is plotted as a function of the injected ICB concentra-
tion in Fig. 2(b). The variability of the measured drug con-
centration from animal to animal is very small. It is observed
that the concentration measured by the OP system increases
linearly, showing proportionality to the concentration of the
dye injected. This demonstrates the linearity of the system
during in vivo measurements in the model.

The rabbits were separated into two groups. Group 1 con-
sisted of two rabbits for which the BBB remained intact, and
Group 2 consisted of three rabbits for which the BBB was
disrupted. MTX was injected into all the animals. There was a
1-h waiting period between the end of the ICB injection and
the beginning of the MTX experiment to allow enough time
for the ICB to clear from the system.

For Group 1, MTX was administered as a single bolus. For
Group 2, 10 ml of 25% mannitol was first infused through the
IA catheter over 40 s to temporarily disrupt the BBB, fol-
lowed (within 1 min) by a single bolus of MTX. For both
groups, solutions of 0.1% MTX were prepared in a hood as
per OSHA guidelines and in compliance with hospital envi-
ronment health and safety regulations. A 3-ml bolus of MTX
solution was manually injected through the ICA during 40 s.
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Fig. 4 (a) Concentration time history of MTX for a disrupted BBB (solid line) and an intact BBB (dotted line). The error bar represents the maximum
fit uncertainty. (b) Concentration of Mitoxantrone, 20 min after injection on a group with an intact BBB (rabbits 1 and 2) and a disrupted BBB

(rabbits 3, 4, and 5). The error bars represents the fit uncertainty.
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OP measurements were taken every second for the first 3 min
and every 20 s for the following 17 min.

The negative log ratio at each time point was fitted to Eq.
(1). Examples of the fit at a time point during drug infusion
(“with drug”) and at a time point after drug infusion, when the
drug has fully dissipated from the animal’s system (“without
drug”) on a rabbit with an intact BBB, are shown in Fig. 3.
The spectrum “without drug” is a flat line at a value near O,
indicating that there has not been a significant change in the
amount of blood, drug, or scattering between times before and
sufficiently long after drug infusion. The spectrum during
drug infusion presents negative features in the UV-VIS region
due to the reduction of the amount of blood, which was dis-
placed by drug in the blood vessels, and positive features in
the VIS-NIR region due to the drug present in the blood ves-
sels. A small baseline shift is noted.

The absorption spectrum of MTX is affected by the ratio of
the amount of monomeric and dimeric forms present and by
the percentage of drug bound to DNA. The native extinction
coefficient of MTX was determined using a spectrophotom-
eter (Varian, Cary-50). The data analysis was performed both
with the spectrum obtained from the spectrophotometer and
with the spectrum red shifted by 18 nm, which would be in-
dicative of DNA-bound form." The R2 of the fits were
smaller with the spectrum obtained by the spectrophotometer;
therefore, the data analysis presented in this paper assumes
that within 20 min of drug infusion, the amount of DNA-
bound MTX in brain tissue is negligible under these
conditions.

Two examples of the time-concentration profile of MTX
are shown in Fig. 4(a) one with an intact BBB and one with a
disrupted BBB. During the first 40 s, the signal increases to a
maximum peak. This initial peak lasts 40 s and is due to the
bolus of drug contained in the blood compartment while it is
being injected through a catheter in the ICA. During infusion,
the blood vessels are completely perfused by the drug, result-
ing in significant blood displacement. After the infusion of the
drug is completed, the blood reenters the vessels in the brain
and the drug circulates through the body, where it binds with
plasma proteins, gets diluted, concentrates in some tissues
with high affinity for the drug, and eventually is excreted
from the body. After the 40-s bolus has passed, there is a
significant amount of drug remaining in the brain of the rabbit
with a disrupted BBB, whereas in the rabbit with an intact
BBB, the concentration returned to baseline levels, indicating
lack of drug retention in the brain tissue.

Figure 4(b) depicts the final concentration of MTX in brain
tissue for both groups of rabbits 20 min after drug adminis-
tration. It is observed that the concentration remaining in the
rabbits with a disrupted BBB is significantly higher than the
group with an intact BBB. The variation in the drug concen-
tration after 20 min of the group with a disrupted BBB is
significant, which is indicative of the drug pharmacokinetic
variability from animal to animal.

Real-time measurements of drug concentrations in the
brain can facilitate the development of drug delivery protocols
aimed at the central nervous system. Conventional techniques
for monitoring drug concentration in tissue require many ani-
mals and biopsy measurements to obtain a time history, with
crude temporal resolution. Optical measurements can provide

Journal of Biomedical Optics

034036-4

a full temporal history, with fine temporal resolution, and with
a single animal. A detailed time history of drug concentration
in the brain of a single animal would be advantageous during
the animal study phases of drug development, since fewer
animals would be required and animal-to-animal variability
can be monitored. It should be noted, again, that the OP
method is limited to drugs that are chromophoric or can be
tagged with a chromophore.

It is prudent to mention that there might be errors propa-
gated throughout the measurements. Possible sources of error
might include:

* Inaccuracies in the extinction coefficients of hemoglobin

and drugs.

* The technique used to measure the initial background
absorption of hemoglobin [cy;(7)) and cppe(ty)] is an
approximation.

* There could be cross talk between the baseline term of
Eq. (1) and the fitting parameters of the blood and drug.

In summary, we have demonstrated the use of a simple
optical technique that can monitor real-time drug concentra-
tions in vivo in brain tissue, on a fast time scale, and we
describe the method’s ability to track local dynamics of tissue
concentrations with and without BBB disruption after IA de-
livery. In this preliminary study, the benefit of BBB disruption
has been demonstrated for MTX, although its suitability for
treating human brain tumors is not known. Future studies will
utilize the OP method to assess the influence of different
blood-flow control protocols on the delivery of drugs to the
brain.

Acknowlegment

The project described was partially supported by the Grant
No. F31CA119916 from the National Cancer Institute.

References

1. N. D. Doolittle, M. E. Miner, W. A. Hall, T. Siegel, E. J. Hanson, E.
Osztie, L. D. McAllister, J. S. Bubalo, D. F. Kraemer, D. Fortin, R.
Nixon, L. L. Muldoon, and E. A. Neuwelt, “Safety and efficacy of a
multicenter study using intraarterial chemotherapy in conjunction
with osmotic opening of the blood-brain barrier for the treatment of
patients with malignant brain tumors,” Cancer 88, 637-647 (2000).

2. S. Cisternino, C. Mercier, F. Bourasset, F. Roux, and J. Scherrman,
“Expression, up-regulation, and transport activity of the multidrug-
resistance protein abcg2 at the mouse blood-brain barrier,” Cancer
Res. 64, 3296-3301 (2004).

3. Y. Lee, H. Kusuhara, J. W. Jonker, A. H. Schinkel, and Y. Sugiyama,
“Investigation of efflux transport of dehydroepiandrosterone sulfate
and mitoxantrone at the mouse blood-brain barrier: a minor role of
breast cancer resistance protein,” J. Pharmacol. Exp. Ther. 312,
44-52 (2005).

4. X. Tong and P. N. Patsalos, “A microdialysis study of the novel
antiepileptic drug levetiracetam: extracellular pharmacokinetics and
effect on taurine in rat brain,” Br. J. Pharmacol. 133, 867-874
(2001).

5. C. Sheng, B. W. Pogue, E. Wang, J. E. Hutchins, and P. J. Hoopes,
“Assessment of photosensitizer dosimetry and tissue damage assay
for photodynamic therapy in advanced-stage tumors,” Photochem.
Photobiol. 79, 520-525 (2004).

6. M. Vogeser, M. Schaffer, E. Egeler, and U. Spohrer, “Development
of an HPLC method for monitoring of Photophrin II therapy,” Clin.
Biochem. 38, 7378 (2005).

7. B. W. Pogue and G. Burke, “Fiber-optic bundle design for quantita-
tive fluorescence measurement from tissue,” Appl. Opt. 37, 7429-
7436 (1998).

May/June 2007 = Vol. 12(3)



10.

11.

Journal of Biomedical Optics

Reif et al.: Optical method for real-time monitoring...

R. M. P. Doornbos, R. Lang, M. C. Aalders, F. W. Cross, and H. J. C.
M. Sterenborg, “The determination of in vivo human tissue optical
properties and absolute chromophore concentrations using spatially
resolved steady-state diffuse reflectance spectroscopy.,” Phys. Med.
Biol. 44, 967-981 (1999).

G. Firnau, D. Maass, B. C. Wilson, and W. P. Jeeves, “**Cu labelling
of hematoporphyrin derivative for non-invasive in-vivo measure-
ments of tumour uptake.” Prog. Clin. Biol. Res. 170, 629-636 (1984).
J. R. Mourant, I. J. Bigio, D. A. Jack, T. M. Johnson, and H. D.
Miller, “Measuring absorption coefficients in small volumes of
highly scattering media: source-detector separations for which path-
lengths do not depend on scattering properties,” Appl. Opt. 36, 5655—
5661 (1997).

J. R. Mourant, T. M. Johnson, G. Los, and I. J. Bigio, “Non-invasive
measurement of chemotherapy drug concentrations in tissue: prelimi-
nary demonstrations of in vivo measurements,” Phys. Med. Biol. 44,

12.

13.

14.

15.

034036-5

1397-1417 (1999).

J. S. Lee, M. G. Hamilton, and J. M. Zabramski, “Variations in the
anatomy of the rabbit cervical carotid artery,” Stroke 25, 501-503
(1994).

A. Bogaards, A. Varma, K. Zhang, D. Zach, S. K. Bisland, E. H.
Moriyama, L. Lilge, P. J. Muller, and B. C. Wilson, “Fluorescence
image-guided brain tumor resection with adjuvant metronomic pho-
todynamic therapy: pre-clinical model and technology development,”
Photochem. Photobiol. 4, 438—442 (2005).

S. Joshi, M. Wang, E. V. Nishanian, and R. G. Emerson, “Electroce-
rebral silence by intracarotid anesthetics does not affect early hyper-
emia after transient cerebral ischemia in rabbits,” Anesth. Analg.
(Baltimore) 98, 1454-1459 (2004).

S. Joshi, M. Wang, and R. Hartl, “Retinal discoloration test,” J.
Cereb. Blood Flow Metab. 24, 305-308 (2004).

May/June 2007 = Vol. 12(3)



