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Abstract

Importance of the field: Many promising targeted agents and combination therapies are being

investigated for brain cancer. However, the results from recent clinical trials have been

disappointing. A better understanding of the disposition of drug in the brain early in drug

development would facilitate appropriate channeling of new drugs into brain cancer clinical trials.

Areas covered in this review: Barriers to successful drug activity against brain cancer and

issues affecting intratumoral drug concentrations are reviewed. The use of the microdialysis

technique for extracellular fluid (ECF) sampling and its application to drug distribution studies in

brain are reviewed using published literature from 1995 to the present. The benefits and

limitations of microdialysis for performing neuorpharmacokinetic (nPK) and

neuropharmacodynamic (nPD) studies are discussed.

What the reader will gain: The reader will gain an appreciation of the challenges involved in

identifying agents likely to have efficacy in brain cancer, an understanding of the general

principles of microdialysis, and the power and limitations of using this technique in early drug

development for brain cancer therapies.

Take home message: A major factor preventing efficacy of anti-brain cancer drugs is limited

access to tumor. Intracerebral microdialysis allows sampling of drug in the brain ECF. The

resulting nPK/nPD data can aid in the rational selection of drugs for investigation in brain tumor

clinical trials.
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1. Introduction

Since the 1940s when nitrogen mustard was initially recognized as effective at inducing

remission in some acute forms of leukemia, there has been a concerted effort to identify

drugs that will halt cancer. The fruits of this collective effort are roughly 125 anticancer

drugs that have been approved by the Food and Drug Administration (FDA) for the

treatment of various forms of cancer. In addition to traditional cytotoxic chemotherapy

agents, there has been a surge in the number of targeted agents in development for clinical

use. These new agents inhibit signaling pathways that are critical for tumor growth. Despite

the addition of these therapies to the anticancer armamentarium, cure or even long-term

disease stabilization remains elusive for most advanced cancers, a reflection of the

complexity of developing effective treatments for cancer.

Brain cancers, such as glioblastoma (GBM), serve as an excellent example of the challenges

involved in successful drug development for aggressive cancers. GBM is the most common

type of primary brain cancer in adults (representing roughly 60% of all primary brain

malignancies) [1]. It is a particularly devastating cancer affecting people in the prime of

their professional and personal lives, often causing substantial disability and near universal

mortality, with a median overall survival of only 15 months [2]. In children, brain tumors

are the second most common type of cancer [1]. Although GBM is relatively uncommon in

children, it is equally fatal. Moreover, treatment of brain cancers in children presents

additional challenges due to the sensitivity of the developing brain to radiation-associated

injury [3]. Better anticancer drug therapies are urgently needed for the treatment of GBM

and primary brain cancers.

An increasing number of chemotherapies that either interrupt cell division or target

pathways specifically implicated in the tumorigenesis or survival of gliomas are undergoing

active investigation [4,5]. Some of these agents have been adopted from research and

discovery in other cancers (e.g., erlotinib for lung cancer; bevacizumab for colon cancer)

while others, such as temozolomide (TMZ), have undergone focused development for

gliomas [2,6]. Unfortunately, despite sound scientific rationale and promising preclinical

results, the majority of agents studied in GBM have demonstrated only modest clinical

benefit [4,5,7]. Hence, the field of neuro-oncology remains challenged to efficiently

translate preclinical knowledge about the molecular, genetic and physiochemical properties

of GBM into rational selection of the agent(s) most likely to yield clinical benefit in patients.

1.1 Glioblastoma resistance to chemotherapy

Intrinsic resistance to therapy is one of the major factors limiting successful treatment of

gliomas. GBM represents a heterogeneous population of rapidly dividing and non-dividing

cells with variable regions of hypoxia, increased perfusion due to neo-angiogenesis and

infiltrating cancer cells admixed with normal brain [7-9]. Hence, there is no single, defined

target or local environment for anticancer agents in GBM. Even in controlled preclinical

assays, GBM cells are relatively chemotherapy-resistant across various in vitro assays.

[10,11]. The etiology for the relative drug-resistance in GBM is not clearly understood, but

recent investigations have suggested that cancer stem cells (defined as cells that are

independently tumorigenic) may be a major factor [12,13].
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In addition to cell-based mechanisms contributing to GBM chemoresistance, the

microenvironment in which cancer cells live plays a role in drug resistance [14]. For

example, elevated glutathione levels enhance cellular resistance to several alkylating agents

[15]. Similarly, a key regulator protein in tumor stroma (heat shock protein-90) appears to

protect gliomas from cell death [16]. Hence, feedback loops among glioma cells, microglia,

capillaries and other stromal cells may contribute to treatment resistance [14,17].

Importantly, the local tumor environment also contributes to treatment resistance by limiting

access of the drug to the cancer cells. Irregular vasculature and increased interstitial pressure

result in poor delivery of molecules via the capillary network [14,18-20]. Failure to achieve

the minimal drug concentration in tumor for the required period of time to produce the

desired effect (i.e., growth arrest or apoptosis) may result in an apparent insensitivity to drug

or development of secondary resistance [14,20]. In addition, variable blood perfusion can

contribute to intratumoral hypoxia and acidity that may change the behavior of cancer cells

(i.e., decreased proliferation), their response to chemotherapy or the activity of drugs in vivo.

In summary, GBM cells appear to be intrinsically chemoresistant; however, several factors

including the cell lines, incubation times and drug dosing influence the in vitro sensitivity

reported [21,22]. Once in vitro efficacy is established against GBM, access to tumor at the

required concentration, for the required time, is the next critical hurdle. This cannot be

inferred from preclinical efficacy studies or serum pharmacokinetics. Hence, the addition of

in vivo assessments of drug concentration in tumor is recommended to gather information

about a drug’s ability to cross the blood brain barrier (BBB) and achieve adequate

concentration for effect.

1.2 BBB and drug concentrations

A major obstacle to successful pharmacologic management of all brain cancers is the

presence of the BBB (Figure 1). The BBB is a physical and chemical barrier existing at the

level of brain capillary endothelial cells that effectively restricts the diffusion of most

substances into the brain. It is charged, composed predominantly of lipids, has tight

junctions between endothelial cells and a continuous basement membrane reinforced by

astrocytic foot processes. These features contribute to preventing polar or large molecules

from getting into brain tissue unless they are carried by designated transporters such as those

for glucose and select amino acids [23-27]. Typically, drugs gain access to the brain only if

they have the appropriate properties of being lipophilic, nonpolar, low protein binding, low

in molecular mass or are carried by the transporter pumps [24,26,28,29]. Most anticancer

drugs are unable to cross an intact BBB because they lack these properties or are substrates

for effusion transporters such as the ATP-binding cassette (ABC) transporters [30-33]. For

example, anthracyclines, vinca alkaloids and taxanes as well as some of the newer receptor

tyrosine kinase inhibitors, such as gefitinib and dasatinib, are substrates of ABC transporters

that rapidly eliminate these agents from the brain [24,30,31]. In the setting of brain cancer,

inflammation, ischemia and neovascularization contribute to development of leaky

capillaries in the brain. These capillaries are fenestrated and do not have tight junctions,

permitting even hydrophilic chemotherapies to pass through this partially disrupted BBB
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[34]. However, the amount of drug that actually reaches the tumor is variable and

unpredictable [20,35,36].

The CNS has several compartments and drug concentration cannot necessarily be

extrapolated from one compartment to another [26,37]. The concentration of a drug in the

cerebral spinal fluid (CSF) does not necessarily reflect its concentration in brain or brain

tumor [37]. One explanation for this is that the choroid plexus is not within the BBB and it

serves as a major site for direct transportation of compounds from systemic circulation into

CSF. The CSF is also often not subject to the same inflammatory factors or vascular-

mediated changes as brain in the setting of cancer; CSF white blood cell and protein levels

(typical markers of inflammation) may be entirely normal with GBM [38]. Therefore,

detecting a drug in the CSF is not an absolute indication that the drug is also present, or

present in the same concentration, in the brain or brain tumor. Similarly, plasma

pharmacokinetic (PK) studies (the core of early drug investigation) do not predict brain

concentrations. Even for the most widely used chemotherapies in neuro-oncology, the brain

AUC is often a fraction of the plasma PK [39,40]. In summary, a complex collection of

normal and pathologic features create variable access to brain for most chemotherapies, and

direct measurement may be required to understand intratumoral drug disposition.

2. Body: intratumoral pharmacokinetics and pharmacodynamics,

importance in clinical drug development

2.1 Relationship between tumor concentration and efficacy

Across many medical disciplines, failure to achieve sufficient levels of certain drugs within

the tissue of interest, for an adequate period of time, results in poor clinical outcome [41].

Unfortunately, there are very few studies exploring the relationship between drug

concentration in brain cancer and clinical outcome [42-44]. The best examples regarding this

relationship exist for erlotinib, an EGFR inhibitor, in primary and secondary brain cancers.

A dose–concentration relationship was established for erlotinib in the CSF of patients with

metastatic disease to the brain [42,43]. However, only one study has investigated tissue

concentrations, local effect on EGFR phosphorylation and clinical outcome in brain cancer

[44,45]. In this study, patients who received erlotinib 150 mg/day did not achieve adequate

intratumoral levels, did not have phosphorylation of EGFR and the final conclusion of the

Phase II trial was no significant clinical benefit [44,45]. The converse, achieving high

intratumoral tissue concentration without significant clinical efficacy, has also been

demonstrated with other therapies in brain cancer [46,47]. All of these studies investigated

tumor concentration via analysis of tumor homogenate which can be vulnerable to artifact

due to inadvertent measurement of intravascular drug [44].

The relationship between tissue concentration and efficacy has been explored with

microdialysis in some solid tumors with agents such as cisplatin [48] and topotecan [49,50]

and data suggest that an intratumoral dose–response relationship exists. To date, this

relationship has been best documented in the infectious diseases literature where there are

clear associations among drug concentrations achieved in the ECF of a tissue, the minimum

inhibitory concentration required for efficacy of an antimicrobial therapy and the clinical
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outcome [51-56]. Cumulatively, the results from brain cancer, systemic cancers and

infectious disease studies suggest that clinical outcome may be related to concentrations

achieved in the tissue ECF.

Currently, intratumoral drug concentration assessment is limited to tissue sampling,

microdialysis or imaging. Both tissue sampling and microdialysis are invasive; however,

microdialysis has the advantage of allowing repeat measurements over time and specific

sampling of the ECF space. Non-invasive measures such as magnetic resonance-based

techniques and positron emission technologies are in development but have not yet been

validated and are costly and inefficient for clinical investigation. Although similarly

cumbersome, microdialysis is clinically feasible, increasingly cost efficient and reliable for

assessing tumor neuorpharmacokinetic (nPK) data in preclinical and clinical settings.

Indeed, it has been endorsed by a task force led by the American Association of

Pharmaceutical Scientists and the FDA to improve the efficiency and accuracy of preclinical

and early clinical development of new agents by identifying drugs likely to be effective at

the site of disease [57]. Hence, there is strong scientific and regulatory support for the

application of microdialysis for nPK and neuropharmacodynamic (nPD) studies.

2.2 Principles of microdialysis

Microdialysis is a well-validated technique for continuously sampling the concentration of a

drug or biomolecule (i.e., glucose, lactate and neurotransmitters) in the ECF of a body

tissue. This method, first developed in the 1970s, consists of placing a catheter that contains

a semi-permeable membrane at its tip into a body tissue [58]. Perfusion fluid, similar in

composition to the ECF, is slowly and continuously pumped through the inlet tubing of the

microdialysis catheter at low flow rates ranging from 0.1 to 5 μl/min. The diffusion of

molecules occurs in both directions across the semi-permeable membrane as the ECF

equilibrates with the perfusion fluid (Figure 2). The dialysate (solution that exits the probe)

is comprised of small organic molecules, water and inorganic ions that passively diffuse

down their concentration gradients [59,60]. Drugs or other molecules of interest (such as

neurotransmitters) may also diffuse from brain ECF to the dialysate. Hence, this technique

can be applied to assess disposition of molecules in the ECF in both disease states and under

normal physiologic conditions [61]. A microvial collects dialysate from the outlet tubing of

the catheter and is changed at regular intervals (chosen based on volume desired, solute of

interest, analytical technique, etc.) and the dialysate is sent for analysis.

The ultimate goal of microdialysis is to obtain an accurate representation of the composition

of the ECF in tissue in vivo. There are several variables that the investigator can manipulate

to accomplish this. A low flow rate for the perfusion fluid is used to maximize the relative

recovery from the ECF. The low flow allows time for movement of molecules from ECF to

dialysate [59,60,62]. The trade off is that small volumes of dialysate (in the microliter range)

are collected in each sample. Highly sensitive analytical methods such as HPLC and tandem

mass spectrometry are then needed to detect minute concentrations of drug [63,64].

Low flow rates have the additional advantage of no net gain or loss of fluid across the

membrane. This ‘volume-neutral’ aspect of microdialysis makes it a particularly appealing

technique for scenarios such as sampling brain where infusion of large volumes of fluid may
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not be well tolerated or where there are limitations on how much blood sampling can be

performed such as in pediatric PK studies and in small animal preclinical studies [57,59].

Importantly, the lack of large fluid shifts over the membrane ensures that fluid exchange

does not artificially alter the disposition of the drug in the ECF [65].

2.3 Relative recovery methods for estimating the true drug concentration in tissue

The dialysate collected with microdialysis catheters contains a representative proportion of

the molecule or unbound drug that is in the tissue ECF. The concentration of free drug in the

dialysate is not the true concentration in the tissue. This is because full equilibration does

not take place across the dialysis membrane when there is a continuous flow of perfusion

fluid (required to move the dialysate through the catheter tubing) [60]. Hence, only a

fraction of the drug in the ECF is present in the dialysate. This fraction is referred to as the

relative recovery and is defined as the ratio of drug concentration in dialysate compared to

the actual concentration of drug in tissue at the sampling site. Relative recovery is

influenced by various factors such as flow rate, membrane pore size and length, properties

of the drug or biomolecule of interest, and the approach used to estimate recovery [60,66].

Slower perfusion rates and longer dialysis membranes produce a higher relative recovery

[60,61]. Several other factors including the type of probe used, the tissue under

investigation, and the perfusion fluid and anylate of interest influence the assessment of drug

concentrations [59,60,62]. Drugs with high lipophilicity or polarity may have low recovery

rates or unreliable recovery over time. Although there are no clear guidelines regarding

minimal accepted rate of recovery, the key factors that influence the interpretation of nPK

data corrected for recovery are the reproducibility of recovery results and the sensitivity of

the analytical method.

2.3.1 In vitro relative recovery—In vitro assessments of recovery determine if a drug or

compound can be recovered from aqueous solution via a microdialysis probe. It is a test of

feasibility for applying microdialysis to measure a given compound. In this setting, a known

amount of drug is put into an aqueous solution, the catheter is allowed to equilibrate and

serial samples are collected. This process can be repeated using various flow rates to

determine the flow rate that results in the maximum recovery of the compound of interest. If

there is no adequate recovery in the in vitro system, it is unlikely that there will be adequate

recovery in tissue studies. For example, lipophilic drugs, such as docetaxel, tend to bind to

the microdialysis tubing resulting in decreased drug recovered in the dialysate [67,68]. In

vitro microdialysis studies allow assessment of the extent to which this may be happening

for a given drug and what techniques can be applied to optimize recovery. An in vitro study

is required as a first step to assess the feasibility of measuring a given compound via

microdialysis.

2.3.2 In vivo relative recovery—Although in vitro relative recovery studies are

important for understanding the relationship between experimental factors and drug

recovery for a given agent, these studies represent a comparatively simple system that can

overestimate the percent recovery. When in vitro relative recovery is used as a correction

factor for subsequent in vivo results, the overestimated recovery can lead to an

underestimation of the true concentration of drug in tissue. This is because in vitro studies
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cannot account for many factors that influence in vivo disposition of drug such as tortuosity

of the tissue, blood flow, intratumoral pressure gradients and the rate of drug clearance from

the ECF [60,66,69]. Therefore, it is more reliable to calibrate for in vivo drug studies with in

vivo relative recovery methods that take into account the influence of the many tissue-related

factors. Several reviews [62,66,69,70] provide detailed discussions regarding commonly

applied in vivo methods for determining relative recovery, such as the no-net-flux method

[71], the dynamic no-net flux method [72] and the retrodialysis method [73].

Retrodialysis is the most direct and simple method for in vivo catheter calibration. This

method is based on the assumption that the loss of drug across the semi-permeable

membrane into the interstitium is equivalent to its recovery. In other words, the percent of in

vivo drug lost into the ECF is used as a measure of the in vivo recovery. After placement of

the microdialysis probe into tissue, a known amount of the drug (or calibrator agent

chemically similar to the drug of interest) is perfused through the catheter into tissue. After a

period of equilibration, the dialysate is sampled and the recovery is calculated as a ratio of

the difference between the perfusate and dialysate concentrations and the known perfusate

concentration [61,66,73]. The probe is then perfused without drug (or calibrator) and after

an appropriate washout period, the investigational drug is given systemically and

microdialysis collection in the brain ECF is initiated. The raw ECF concentrations measured

from the dialysate after systemic drug may then be adjusted using the relative recovery of

the drug. A theoretical limitation of this approach is that the factors influencing recovery are

dynamic and a single time point assessment, either at the start or conclusion of microdialysis

studies, reflects the state of recovery only at that sampling time. A practical clinical

limitation is that drugs available only in pill form cannot be used as a calibrator for

retrodialysis as they are not sterile and cannot be reliably solubilized for delivery via

perfusate. Despite these limitations, in general, retrodialysis is the optimal approach for

accounting for the many in vivo factors that influence the measurement of drug in the ECF.

In most cases, it is helpful to report both the raw concentrations measured and the values

corrected based on the calculated relative recovery. This allows the reader the opportunity to

assess the full data set for maximal interpretation given that relative recovery is an

estimation in itself.

2.4 Preclinical experience with using microdialysis to perform pharmacokinetic studies of
chemotherapy agents

Compared to traditional in vivo intratumoral PK studies that use multiple animals at multiple

time points to determine a single CNS concentration–time profile, microdialysis is an

animal-sparing, data-rich technique that allows for measurement of drug levels at many time

points in the same animal, thus also avoiding inter-animal variability [60,62]. Serial sample

collections can be done while animals are awake and freely moving, without the interference

of an anesthetic or physiological processes. Microdialysis has been used in animal models to

evaluate various chemotherapies within tumor as well as to explore the physiologic changes

in neurotransmitters in and around tumor [64,74-85]. These studies have recently been

reviewed in detail [61,63,66,86].
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Knowing the concentration–time profiles of chemotherapies in tumor can aid in choosing a

drug with favorable properties for efficacy testing in cancer patients and can help with

optimizing dosing schedules [61,66,69]. Preclinical microdialysis studies can also explore

interactions between agents such as cytotoxic and antiangiogenesis agents that may not be

feasible in the clinical setting due to the patient risks [82-84].

2.5 Clinical experience with microdialysis to perform pharmacokinetic assessments of
chemotherapy

Microdialysis can be performed in almost any human tissue, such as skeletal muscle, skin,

lung, liver, brain and myocardium, as well as blood and CSF. Clinical PK microdialysis

studies have been carried out with several traditional cytotoxic chemotherapies in patients

with easily accessible tumors [65], such as breast cancer [87-89], melanoma [90] and oral

cancers [91]. Several of these earlier studies have been expertly reviewed by Zhou and Gallo

2005 [66] and we, therefore, highlight only clinical microdialysis studies of anticancer

agents that have been performed in brain.

Microdialysis was originally introduced as a technique for measuring concentrations of

neurotransmitters in the brains of lab animals [92]. It has played an important role in

assessing changes in levels of neurotransmitters and brain biochemistry in a variety of

clinical scenarios [58]. Intracerebral microdialysis has mainly been applied to the study of

head trauma [93-98], intracerebral hemorrhage [99-104] and epilepsy [105]. In these

settings, microdialysis catheters are used to monitor metabolic changes (i.e., varying levels

of lactate, glucose and glutamate) in the ECF in order to predict clinical outcome and to

evaluate the effects of therapeutic interventions. More recently, intracerebral microdialysis

has been applied for performing nPK assessments of drugs. When intracerebral

microdialysis is used to determine drug nPK, concurrent systemic PK assessments are

recommended to control for interpatient variability in drug metabolism.

There are two microdialysis catheters that are commercially available for intracerebral use in

humans (CMA Microdialysis, Solna, Sweden). One of these catheters has a molecular mass

(MM) cutoff semi-permeable membrane of 20,000 Daltons and can consistently recover a

drug or biomolecule that has an MM of < 5000 Daltons (Figure 3). It has received FDA

clearance for cerebral tissue monitoring. The other catheter has an MM cutoff membrane of

100,000 Daltons and is suitable for recovery of macromolecules, such as cytokines,

chemokines and growth factors that have an MM of < 25,000 Daltons. This high MM cut-off

membrane catheter is CE-marked in Europe, but the manufacturer has not applied for FDA

approval.

Intracerebral microdialysis using the catheter with the lower MM cutoff membrane has been

performed in hundreds of patients with acute brain injuries. Poca et al. [106] has published

the largest series to date of microdialysis catheter use in neurointensive care units. They

found that among the 97 patients studied, there were no catheter-associated infections and

only 3% of patients had small, clinically insignificant bleeding (≤ 1 ml) around the catheter

seen on CT scan. The catheters are smaller in caliber than those typically used for

performing ventriculostomies or monitoring intracranial pressure. With the use of image

guidance, they can be safely placed in brain interstitium and targeted to specific regions of
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brain. Each catheter has a gold tip that makes it visible on a CT scan to allow confirmation

of correct positioning (Figure 3).

More than one catheter can be used at the same time to measure concentrations of a drug in

different areas of the brain [107]. Sample collections can be done while patients are awake

and mobile. These catheters can safely be left in patients for > 2 weeks [108], although

catheter performance may deteriorate with prolonged use due to possible development of

gliosis at the membrane tip or clogging of the catheter [109,110]. This can either reduce

recovery or lead to outright catheter failure. In two recent clinical studies of microdialysis in

brain tumors, catheter failure rates ranged from 25 to 28% [35,107]. It is possible that

catheters may be particularly prone to this in the setting of tumors where the ECF is often

highly proteinaceous.

Microdialysis for assessing drug levels in the human brain remains a strictly investigational

endeavor. Brain microdialysis studies were initially done in epilepsy patients [111-113] to

determine CNS levels of anticonvulsants. The first study to use microdialysis to measure

drug in brain tumor assessed levels of the antibiotic rifampin in the brains of eight patients

who were undergoing craniotomies for tumor resection [114]. They showed that there are

regional differences in rifampin concentrations between tumor and surrounding normal brain

and that assessment of the ECF drug concentration via microdialysis (versus tissue studies)

provided the most reliable and reproducible nPK data [114].

Bergenheim et al. [107] assessed the uptake and elimination of p-boronophenylalanine

(BPA) in four patients with GBM. Up to three catheters were placed in each patient’s brain:

normal brain parenchyma, tumor and peritumoral tissue. Microdialysis catheters remained in

place for ∼ 1 week. All patients tolerated the microdialysis well and were able to move

freely during collection of the dialysate samples. Through the use of this sampling

technique, the investigators were able to demonstrate within the same patient that there are

variations in the temporal nPK of BPA within different areas of the brain.

Another study investigated high-dose methotrexate (12 g/m2) in patients with recurrent

high-grade gliomas [35] in whom catheters were placed in either contrast enhancing or non-

enhancing residual tumor tissue at the time of clinically indicated surgery. Digital fusion of

the non-contrast brain CT scan (radio-opaque catheter tip) with the brain MRI (indicating

regions of BBB disruption) allowed precise catheter localization. Methotrexate levels were

considerably higher in contrast enhancing regions of brain (AUC ecf/AUC plasma 28 –

31%) compared with non-enhancing brain (AUC ecf/AUC plasma 3.2 – 9.4%). These results

confirmed that there is variable delivery of systemic MTX to regions of tumor, with the

lowest concentrations in non-contrast enhancing tumor and suggested that the technique is

useful for investigating the influence of BBB integrity on drug disposition. This study also

showed that brain microdialysis can be performed in the course of clinically indicated brain

surgery without interruption of peri-operative care.

Portnow et al. [40] measured levels of TMZ in non-enhancing peritumoral tissue of brain

tumor patients who were undergoing surgical resection. TMZ is part of the standard

treatment for patients with newly-diagnosed GBM. It is given daily during focal brain
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radiation therapy and continued as a monotherapy after the radiation [2]. When used

concurrently with radiation therapy, patients are typically instructed to take TMZ 1 h prior to

the radiation. This recommendation is based on data from Phase I studies of TMZ [115,116]

in patients with solid tumors where it was determined that peak levels in the blood occurred

∼ 1 h after ingestion. Portnow et al. found that, in contrast to plasma, peak levels of TMZ in

brain interstitium occurred between 1.2 and 3.4 h after an oral dose, with the 2 – 3 h period

representing a time of highest TMZ concentration [40]. TMZ levels in the brain at 1 h were

as much as seven-fold lower than the maximum levels achieved between 2 and 3 h. This

suggests that dosing of TMZ relative to radiation therapy might be further optimized based

on nPK data.

In addition to traditional cytotoxic agents, many targeted therapies, such as tyrosine kinase

inhibitors, proteasome inhibitors, mammalian target of rapamycin (mTOR) inhibitors and

anti-angiogenic agents, are now available [4,5]. Intracerebral microdialysis is a technique

that can be applied for screening these new agents for potential use in Phase I and II brain

tumor clinical trials by directly determining if these drugs can cross the BBB in vivo in brain

cancer patients.

For example, before committing time and patient resources to a phase II study of a new

agent for brain cancer when it is not known how well the drug gets into brain, a translational

intracerebral microdialysis study could be performed using a relatively small number of

patients. One potential study design is to place one or more microdialysis catheters in tumor

or peritumoral tissue at the time a patient undergoes a craniotomy or brain biopsy (Figure 3).

Approximately 24 h after the surgery, when the patient has recovered from the acute effects

of surgery, retrodialysis may be performed with a calibrator. The catheter would then be

perfused with artificial CSF until the calibrator is no longer detectable in dialysate (‘washout

period’). At this point, the drug of interest is given systemically (preferably with the

proposed phase II dosing) and serial dialysate samples are collected over a period

determined by the half-life of the drug or its metabolites. For a drug with a long half-life, it

is preferable to perform microdialysis after multiple doses have been administered and the

drug has reached steady-state.

The nPK parameters measured in the ECF often include the peak concentration (Cmax), time

to Cmax, AUC and time to elimination. These values can be compared to those

simultaneously obtained in plasma after systemic drug administration to provide important

information about the relationship between systemic and brain PK, the optimal timing for

dosing and, ultimately, the likelihood that the agent can reach the required

time:concentration ratio in brain. If no drug is detected in brain ECF dialysate samples, this

argues against advancing the drug to clinical trials for brain tumors. If the drug is detected in

the brain at concentrations similar to free-drug concentrations in plasma or at levels

sufficient for efficacy based on preclinical studies, then it is reasonable to move forward

with efficacy testing. Finally, microdialysis-derived nPK data may guide further dose-

escalation studies before embarking on an efficacy trial.
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2.6 Limitations of microdialysis for brain studies

There are several potential limitations associated with the microdialysis technique (Table 1).

Theoretically, the trauma to brain tissue that inevitably occurs with placement of an

intracerebral microdialysis catheter could result in disruption of the BBB, thereby

overestimating the amount of drug that gets into the brain [117,118]. However, other

literature suggests there is rapid normalization of the BBB after placement and that allowing

equilibration may be sufficient to minimize the artifact that can be associated with iatrogenic

BBB disruption [62,119,120]. Moreover, this concern is probably not as relevant for nPK

studies in patients with brain cancer where the BBB is often already disrupted.

Logistically, placement of microdialysis catheters into brain tumors can be challenging due

to: i) variable intraoperative visualization of residual gliomas at the resection margin, ii)

brain shift during and after surgery that can interfere with the accuracy of targeted

placement and iii) the relatively short length and flexibility of the catheter can inhibit precise

placement in deeper regions. The risks associated with the catheters are very low as

discussed above; however, they do include a small chance of hemorrhage or infection. Long-

term studies are challenging due to decrease in catheter performance over time and the need

for study subjects to remain hospitalized while the dialysate samples are collected. Hence,

most nPK studies are functionally limited to a few days. As discussed above, catheter

calibration can be an imperfect estimate of in vivo relative recovery, often resulting in an

underestimation of the true drug concentration in a tissue. Hence, it is recommended to

report both actual and corrected nPK values. New targeted agents are more likely to be

lipophilic or very large, thus, limiting the usefulness of microdialysis for performing nPK

assessments of these drugs (Table 1). Finally, intracerebral microdialysis is labor intensive

with a number of opportunities for error. It requires an experienced team of pharmacologists,

neurosurgeons, neuro-oncologists and nurses to successfully complete the study and obtain

meaningful data.

2.7 Future directions

In addition to assessing the nPK of chemotherapies, microdialysis catheters may potentially

be used as a means for studying whether the drug reaches its target within brain at

concentrations high enough to produce a desired pharmacodynamic effect. The advantage of

using the catheter with the 100,000 Dalton MM cutoff semi-permeable membrane is that it

has the ability to measure chemotherapy concentrations and macromolecules that may

change in response to treatment. This catheter can be more challenging to use than the

20,000 Dalton catheter because the larger pore size can lead to hyperfiltration, resulting in a

net loss of fluid into tissue. Some investigators have found that using perfusion fluid

containing dextran or albumin for increasing its colloid osmotic pressure balances

transmembrane fluid flow. Experience is growing with applying the high MM cutoff

catheter to measure changes in cytokines, chemokines, growth factors and other proteins in

the brain [66,121-127]. An investigation in brain tumor patients using this catheter to

measure changes in intracerebral levels of cytokines, such as VEGF and IL-1β, in response

to treatment with a systemically administered mTOR inhibitor is currently underway [128].
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In addition, complex pre-clinical nPK studies have been pursued with microdialysis to

understand the impact of concurrent therapies on drug delivery to tumor [82,83,129]. Such

studies are particularly important with the recent pairing of antiangiogenesis therapies with

standard cytotoxic chemotherapies for treating brain cancer [130]. Microdialysis is also

being applied to investigate the intratumoral PK of various compounds in the setting of ABC

transporter inhibitors and with various doses of radiation. As the complexity of therapies

continues to increase, microdialysis may be a useful tool for distinguishing the net effect of

multiple therapies on intratumoral nPK and nPD.

2.8 Conclusion

Drug delivery to brain cancer is inherently complex. Poor drug delivery to tumor contributes

to the disappointing results of clinical trials in brain cancer. Microdialysis is a powerful

research tool that enables serial sampling of drug levels in brain with simultaneous

assessment of plasma PK. Such data provide temporal resolution of drug disposition in brain

tissue, insights about the variability between brain and plasma PK, and information about

optimal dosing for the desired intratumoral result. Intracerebral microdialysis is a safe and

feasible technique for measuring intratumoral concentrations and experience is growing with

using this technique to perform nPK and nPD studies in humans. With training and

experience, microdialysis can be incorporated into early drug development of new therapies

for brain tumors to assist in the rational selection of agents to advance to efficacy studies

and establish dosing regimens.

3. Expert opinion

Preclinical drug studies focus on the efficacy of an agent against a given cancer cell line

using an optimal drug concentration and time exposure [21,22]. In vivo animal studies assess

toxicity and efficacy at doses found to achieve drug concentrations that were successful in

vitro. Similarly, the first study performed in patients is often a dose-finding study in which

the maximum tolerated dose is defined based on toxicity and tolerability. Plasma PK is often

obtained in these early trials to ensure that concentrations thought to be effective for cell kill

preclinically are achieved with acceptable tolerability. However, plasma PK does not predict

intratumoral PK, the site of action for most drugs. Preclinical and clinical studies have

demonstrated that tumor drug concentration is rarely predicted by plasma PK

[35,37,44,46,47] and that for some agents drug concentration in tumor is correlated with

treatment response [44,49,50,66,91]. In brain cancers, both the tumor characteristics and the

physiological properties of the BBB conspire to limit access of many chemotherapy agents

to the tumor. Indeed, poor access of drug to tumor is cited as a contributing factor to the

disappointing results of most chemotherapies for GBM [24,26,39,108]. Despite this,

intratumoral drug concentrations are only rarely investigated in patients.

As the cost of drug development continues to rise and there are more agents available for

investigation, it is important that drugs only proceed to efficacy studies after their

intratumoral disposition is understood. If chemotherapy cannot reach the target cells in

adequate concentration, there is little hope of clinical efficacy, and further studies to

maximize drug delivery to tumor are required. This relatively simple step of confirming
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drug access to tumor cells may reduce the attrition rate of agents that look effective in

preclinical studies, but have disappointing results in patients.

Various techniques have been applied for this purpose in brain cancer patients. Tissue

sampling at the time of a planned tumor resection is popular and does assess tumor versus

plasma PK [44,46,47]. However, this provides only a single time point and drug

concentration is reported from tissue homogenate rather than the individual pharmacological

compartments. Finally, the location of tissue sampled is often not available, making

assessment of variable regions of tumor difficult. Imaging studies have been developed to

track drug disposition in tumor, but these are early in development for clinical application

and cumbersome to be applied for general drug discovery due to cost and the need to

develop specific drug ligands. That said, imaging studies are non-invasive and can

potentially assess both delivery and effect at the site of disease and may be more feasible if

they can be developed to assess target pathways rather than individual agents.

Microdialysis is a minimally invasive technique that allows assessment of intratumoral PK.

The catheter allows sampling of the ECF within tumor to measure the time–concentration

curve. This is important as concentrations in the ECF are thought to most accurately reflect

the availability of drug to tumor cells for many clinically relevant cancer therapies. It has

been used to effectively study drug delivery in breast cancer, melanoma, colon cancer and

brain cancer preclinically and has demonstrated correlations between intratumoral drug

concentration and efficacy in vivo [64,74-82,84,85,88,90,131,132]. Although studied

extensively in preclinical cancer models, microdialysis for intratumor drug studies may have

even greater applicability in early clinical trials. There are commercially available catheters

for use in humans and at least three clinical studies in brain cancer patients have shown the

ability to assess intratumoral disposition of drug safely in patients [35,40,107].

Increased use of microdialysis to identify agents that have adequate access to tumor for

efficacy in the brain may reduce the frequency of negative clinical trials in which agents

with unknown tumor access are tested. Microdialysis can also be applied to assess the

interactions amongst drugs given in combination or the optimal dosing strategy for

multimodality treatments. Understanding the PK relationship of combination therapies is

crucial for optimal timing and ordering of the various therapies in a regimen. This is

particularly timely with the increasing practice of combining cytotoxic therapies, anti-

angiogenesis therapies and radiation therapy in brain cancer patients [82-84,129]. Each of

these interventions may have unique effects on the BBB and the local tumor environment

influencing intratumoral PK. Finally, the larger bore microdialysis catheters are being used

with increasing frequency and may provide insight about the local effect of drugs within

brain tumors such that in a single study, one may be able to use microdialysis to assess the

intratumoral drug nPK and nPD [66,121-127].

However, microdialysis does have some limitations that must be considered. It is invasive,

can only reliably measure drugs with favorable properties for the technique (low

lipophilicity, MM of < 5000 Daltons, low protein binding, etc.) and requires sensitive

analytic techniques for each anylate of interest. It also has a spatial limitation, sampling only

in the immediate area where the catheter is placed. Finally, it can be expensive and time
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consuming. Experience and skill with the technique, as well as accurate calculation of the

relative recovery, are required for optimal results. Despite these limitations, for many anti-

cancer agents, microdialysis is a feasible and highly informative approach for determining

PK in tumor. Ultimately, this technology may be able to assess if drugs also produce their

desired effect at their target. Applying microdialysis to early drug development may

contribute to more time- and cost-efficient development of therapeutics for brain cancer.
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Article highlights

• Poor drug delivery to tumor is one of the factors contributing to drug resistance

in brain cancer.

• Measuring intratumoral distribution of drug can assist with the selection of

agents or optimal dosing and schedule for efficacy testing.

• Microdialysis is a powerful research tool for obtaining both

neuorpharmacokinetic and neuropharmacodynamic data in preclinical and

clinical studies.

• There are several advantages and disadvantages to intracerebral microdialysis

that have to be considered when using this technique in early drug development.

This box summarizes key points contained in the article.
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Figure 1. Schematic of the BBB.
Cartoon depiction of the major components that contribute to the BBB and the pathways by which agents may access brain

across the intact BBB. The major anatomical components of the BBB are: the endothelial cells with tight junctions and a

specialized basement membrane, the reinforcing pericytes and the astrocytic foot processes. Transport mechanisms may include

transcellular diffusion of un-bound, non-polar, lipid soluble agents (yellow circles), receptor-mediated transcytosis (turquoise

hexagons), carrier-mediated transport (blue triangles) and absorptive endocytosis (purple circles). Even after successful transport

across the BBB into brain via one of these mechanisms, agents may be extruded via ATP- and non-ATP-dependent drug efflux

transporters (orange and red cylinders).
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Figure 2. Schematic of microdialysis catheter membrane.
Schematic depiction of the probe portion of a microdialysis catheter (not drawn to scale). The semi-permeable membrane at the

tip of the probe allows diffusion of fluid (perfusate out and ECF in) along concentration gradients. Perfusate enters the central

portion of the probe under a constant flow rate (i.e., 1 μl/min). It then moves to the outer compartment of the probe where it is

admixed with the ECF and the solute under investigation (grey drops) is collected in the outlet tubing.

ECF: Extracellular fluid.
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Figure 3. Clinical translational paradigm for microdialysis in neuro-oncology.
Patients who plan to undergo surgery may be eligible for participation in an investigation of disposition of a drug in brain via

microdialysis. Catheters are placed in residual tumor at the time of clinically planned biopsy or resection (panel 1). The

commercially available catheter and pump for clinical use (panel 2). The CT image shows the radio-opaque tip of the catheter.

After a period of postoperative recovery, the patient is given the drug of interest systemically (i.v. or p.o.) and the ECF samples

are collected from the microdialysis catheter for the appropriate amount of time based on the drug PK. The catheter is then

removed at the bedside.

ECF: Extracellular fluid; i.v.: Intravenous; PK: Pharmacokinetics; p.o.: By mouth.
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Table 1

Considerations for the use of microdialysis for neuro-pharmacokinetic studies in patients with brain tumors.

Advantages Disadvantages

Near real-time measurement of unbound drug near
site of action in the brain; distinction between
extracellular space and other compartments

Invasive technique

Simultaneous measurement of drug pharmacokinetics
in brain and plasma contributes to decreased
interpatient variability

Requires hospitalization

CNS concentration–time profiles of drugs can be
determined using a relatively small number of patients

Expensive, particularly if hospitalization is prolonged
beyond clinically indicated durations
(i.e., prolonged dialysate collections)

Serial sample collections can be done while patients are
awake and in the course of standard clinical care

Catheter calibration is needed to estimate the true
drug concentration in tissue

Safe with low rates of bleeding or infections
(comparable to other intracerebral monitoring techniques)

Sensitive analytical methods are needed to detect drug
concentrations in the dialysate samples

More than one catheter can be placed at one time, enabling
concurrent measurement in tumor core, peritumoral tissue
and normal brain

In vitro testing is required to determine if the drug of interest
is a candidate for microdialysis; many new targeted therapies
and large proteins will not be good candidates

Accuracy of catheter placement can be confirmed with
imaging studies

Accurate placement of catheter into regions of tumor
is challenging

The major advantages and limitations of the microdialysis technique for clinical translational studies in neuro-oncology.
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