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ABSTRACT

The response of human glioma spheroids to 5-aminole-
vulinic acid (ALA)–mediated photodynamic therapy
(PDT) is investigated. A two-photon fluorescence micros-
copy technique is used to show that human glioma cells
readily convert ALA to protoporphyrin IX throughout
the entire spheroid volume. The central finding of this
study is that the response of human glioma spheroids to
ALA-mediated PDT depends not only on the total flu-
ence, but also on the rate at which the fluence is deliv-
ered. At low fluences (#50 J cm22), lower fluence rates
are more effective. At a fluence of 50 J cm22, near-total
spheroid kill is observed at fluence rates of as low as 10
mW cm22. The fluence rate effect is not as pronounced
at higher fluences (.50 J cm22), where a favorable re-
sponse is observed throughout the range of fluence rates
investigated. The clinical implications of these findings
are discussed.

INTRODUCTION

Primary intracranial neoplasms account for 2% of all cancer
deaths (1). Approximately half of these are glioblastoma
multiforme—the most aggressive variety of glial tumors (2).
There is no satisfactory treatment for these infiltrative neo-
plasms. The best available treatment using surgery, chemo-
therapy and radiation therapy results in a median survival of
10 months (3). Five year survival rates are dismal (,5%).
Failure of treatment is usually due to local recurrence at the
site of surgical resection indicating that a more aggressive
local therapy could be of benefit. In 80% of all cases, re-
currence is within 2 cm of the resected margin (4). Several
studies have shown that photodynamic therapy (PDT)† may
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prove to be useful in prolonging survival and/or improving
the quality-of-life in glioma patients (5–11).

PDT has several features that may make it an effective
adjuvant therapy in the treatment of brain tumors: (1) PDT
is a localized form of treatment; the treatment volume is
limited by high attenuation of light in brain tissues; (2) re-
sistance to PDT has not been encountered during treatments
of brain tumors (12); and (3) repeated applications of PDT
is an option due to low long-term morbidity (12).

Porphyrins, such as hematoporphyrin derivative and Pho-
tofrint, have been used almost exclusively in clinical PDT
trials of the brain. Although favorable results have been re-
ported by a number of clinicians (13,14) these photosensi-
tizers have several drawbacks that may limit their applica-
bility in certain situations. For example, the uncommonly
long period of cutaneous photosensitization (lasting up to
several weeks) observed in patients following administration
of these photosensitizers, may preclude their use in fraction-
ated PDT treatment regimens. Furthermore, the relatively
poor tumor-to-normal tissue localization observed by several
groups (15–17) may limit the effectiveness of these photo-
sensitizers due to the potential of normal tissue complica-
tions. Due to the drawbacks of traditional porphyrins, other
photosensitizers, such as boronated protoporphyrin and 5-
aminolevulinic acid (ALA) are currently being evaluated for
use in PDT of gliomas.

In ALA-induced endogenous photosensitization, the heme
biosynthetic pathway is used to produce protoporphyrin IX
(Pp IX)—a potent photosensitizer (18–20). Heme is synthe-
sized from glycine and succinyl CoA. The rate-limiting step
in the pathway is the conversion of glycine and succinyl
CoA to ALA, which is under negative feedback control by
heme (21). Through the introduction of ALA, the regulatory
feedback system becomes overloaded causing an accumu-
lation of Pp IX, which, when activated, causes the photo-
sensitizing effect for PDT and porphyrin fluorescence for
diagnosis.

ALA has been used primarily as a topical agent in the
treatment of superficial skin lesions (22); however, the abun-
dance of ALA-induced Pp IX in rapidly proliferating cells
of many tissues provides a biologic rationale for ALA-me-
diated PDT in the treatment of a wide variety of lesions (21).
The combination of excellent tumor-to-normal brain tissue
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localization (16), short period of skin phototosensitization
(24–48 h) and the possibility of oral administration, makes
ALA an ideal photosensitizer for use in fractionated PDT
treatments of glioma patients.

The aim of PDT is to eliminate the nests of tumor cells
remaining in the margins of the resection cavity. However,
due to the high attenuation of light in the brain tissue (23),
long treatment times are required in order to deliver suffi-
cient light doses (fluences) to depths of 1–2 cm in the re-
section cavity. Furthermore, a number of in vitro (24,25) and
in vivo (26–29) studies suggest that response to PDT de-
pends not only on total fluence, but also on the rate at which
the fluence is delivered—lower fluence rates appear more
efficacious in many instances. Although fluence rate effects
have been observed in numerous systems, a systematic study
of such effects in a human glioma spheroid model using
ALA has not been attempted.

In this study, the response of human glioma spheroids to
ALA-mediated PDT is investigated. Of particular interest is
the response of spheroids to the low fluence rates observed
in the resected tumor margin during typical PDT treatments.
To this end, spheroid survival and growth were monitored
as functions of fluence and fluence rate. Two-photon fluo-
rescence microscopy was used to (1) confirm the presence
of Pp IX in individual glioma cells following incubation in
ALA; and (2) evaluate Pp IX distributions in individual
spheroids.

Spheroids were used in this study since they have a com-
plexity intermediate to standard monolayer cultures and tu-
mors in vivo. The three-dimensional arrangement of multi-
cellular spheroids results in heterogeneous subpopulations of
cells differing in their proliferation, nutrition and oxygena-
tion status (30). Spheroids thus capture some of the char-
acteristics of human tumors in vivo. However, since this is
accomplished in vitro, the spheroid model allows various
tumor cell–specific phenomena to be studied in the absence
of complex host-dependent factors (31).

MATERIALS AND METHODS
Photosensitizer. In the PDT studies, spheroids were incubated in
1000 mg mL21 of ALA (Sigma, St. Louis, MO) for approximately
4 h. ALA concentrations of 100 mg mL21 were used in the two-
photon fluorescence investigations.

Cell cultures. The grade IV GBM cell line (ACBT) used in this
study was a generous gift of G. Granger (University of California,
Irvine, CA). The cells were cultured in Dulbecco modified Eagle
medium (Gibco, Grand Island, NY) with high glucose, and supple-
mented with 2 mM L-glutamine, penicillin (100 U mL21), strepto-
mycin (100 mg mL21) and 10% heat-inactivated fetal bovine serum
(Gibco). Cells were maintained at 378C in a 7.5% CO2 incubator.
At a density of 70% confluence, cells were removed from the in-
cubator and left at room temperature for approximately 20 min. The
resultant cell clusters (consisting of approximately 10 cells) were
transferred to a Petri dish and grown to tumor spheroids of varying
sizes. Spheroids were grown according to standard techniques (32).
Spheroids of two diameters (250 and 500 mm) were selected by
passage through screen meshes (Sigma) of various sizes. It took
approximately 14 and 21 days for spheroids to reach sizes of 250
and 500 mm, respectively. The spheroid culture medium was
changed three times weekly.

PDT treatments. In all cases, spheroids were irradiated with 635
nm light from an argon ion–pumped dye laser (Coherent, Inc., Santa
Clara, CA). Light was coupled into a 200 mm dia. optical fiber
containing a microlens at the output end. Spheroids were exposed
to fluences of 25, 50, 100 or 200 J cm22 delivered at fluence rates

of 10, 25, 50, 75, 150 or 200 mW cm22. Spheroids were irradiated
in a Petri dish. A 2 cm dia. gasket was placed in the dish to confine
the spheroids to the central portion of the dish and thus limit the
extent of the irradiated field. Following irradiation, individual spher-
oids were placed into separate wells of a 96-well culture plate and
monitored for growth. A microscope with a calibrated eyepiece mi-
crometer was used to measure the spheroid diameter. Determination
of the spheroid size was carried out by measuring two perpendicular
diameters of each spheroid using a microscope with a calibrated
eyepiece micrometer. Typically, 10–12 spheroids were followed for
each irradiation condition. Since each trial was performed 3 or 4
times, a total of 30–50 spheroids were followed for a given set of
parameters. Spheroids were followed for up to 35 days.

ALA distribution. The two-photon scanning fluorescence micro-
scope system used to evaluate ALA distributions in individual spher-
oids has been described extensively elsewhere (33). Briefly, 100 fs
light pulses of wavelength 800 nm are produced by a mode-locked
titanium sapphire laser (Coherent, Inc.). The pulse train exiting the
laser is expanded and collimated using two lenses to overfill the
back aperture of the microscope objective. The beam is scanned
across the sample, which is placed on an inverted Zeiss Axiovert
100 microscope (Zeiss, Thornwood, NY), using a personal comput-
er–controlled X–Y scanner (Series 603X, Cambridge Technology,
Inc., Watertown, MA). A 633, 1.2 n.a. water immersion objective
(C-Apochromat, Zeiss) having a working distance of 250 mm was
used in this study. The two-photon fluorescence from the tissue was
detected using a single-photon counting detection system consisting
of two photomultiplier tubes (Hamamatsu Corp., Bridgewater, NJ)
arranged perpendicularly. The tubes differ in their spectral sensitiv-
ity; one is optimized for green light (R7400P), the other for red light
(R7400P-01). It is thus possible to detect fluorescence in two dif-
ferent wavelength regions simultaneously.

Pp IX fluorescence images were collected using the red channel
and a 635 nm bandpass (20 nm full width at half maximum) filter
(Chroma Technology Corp., Brattleboro, VT). Images were acquired
at spheroid depths ranging from 40 to 120 mm. Depth discrimination
was accomplished by adjusting the Z position of the water immer-
sion objective. Image acquisition times were of the order of 20 s
(20 frames at 1.0 s/frame). Normalized fluorescence signals were
determined from the following formula:

I 2 Is bN 5 , (1)
Ib

where Is is the peak fluorescence signal observed from an ALA-
incubated spheroid at a particular depth and Ib is the peak back-
ground fluorescence from a control spheroid at an equivalent depth.

Autofluorescence images were acquired using the green channel
and a shortpass filter (SBG-39, CVI, Albuquerque, NM).

RESULTS

The strong red fluorescence signals (l 5 635 nm) observed
following two-photon excitation of human glioma cells in-
cubated in ALA indicate that these cells are capable of con-
verting ALA to Pp IX (Fig. 1a). There appear to be several
regions of intense fluorescence (denoted by red) adjacent to
the large central nucleus (dark region). The autofluorescence
image (Fig. 1b), acquired with a shortpass filter, is shown
for comparative purposes. The bright areas are most likely
due to reduced nicotinamide adenine dinucleotide fluores-
cence. Fluorescence was observed to spheroid depths of ap-
proximately 120 mm suggesting the presence of Pp IX
throughout the entire spheroid volume (ca 250 mm dia.). As
illustrated in Fig. 2, the fluorescence signal decreases with
increasing depth. The rapid decline in signal with depth
should not be interpreted as being due to decreasing drug
levels; rather, it is attributed to attenuation due to scattering
and absorption of light by the cells.

The growth rates of various control groups are illustrated
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Figure 1. Two-photon fluorescence images (X–Y plane, Z 5 40
mm) of human glioma spheroids showing (a) subcellular localization
of Pp IX following incubation in 100 mg mL21 ALA for 4 h and (b)
detailed cellular structure from autofluorescence. The scan region is
approximately 35 3 35 mm. The nucleus is denoted by ‘‘n’’.

Figure 2. Normalized Pp IX fluorescence signal as a function of
spheroid depth. Normalized signals were evaluated from the means
of peak fluorescence signals acquired from five different ALA-in-
cubated spheroids, and from peak background signals obtained from
control spheroids. Standard deviations are indicated by the error
bars.

Figure 3. Growth kinetics of various control spheroids: (a) true
control (no light, no drug; ●), dark control (▫), light only (200 J
cm22, 200 mW cm22; m); (b) light only (200 J cm22, 200 mW cm22;
m), light only (100 J cm22, 25 mW cm22; l) and light only (25 J
cm22, 25 mW cm22; V). Each data point represents the mean of
approximately 40 spheroids. Standard errors are denoted by error
bars.

in Fig. 3a,b. It is shown that neither light-only treatment nor
drug-only treatment has any effect on spheroid growth. In
both cases, growth rates are identical to those of the true
controls, i.e. the untreated spheroids. As shown in Fig. 3a,b,
glioma spheroids reach a limiting size of approximately
1500 mm, 25–30 days after treatment.

Effects of light fluence and fluence rate on spheroid sur-
vival are illustrated in Fig. 4. A spheroid is assumed to have
survived treatment if it grows at any time during the obser-
vation period. Spheroids treated with light only, or drug only
(dark controls) had identical survival to the true controls (no
light, no drug). In all cases, 100% survival was observed
(data not shown). As shown in Fig. 4a, spheroid survival is
very sensitive to both fluence and fluence rate. At high flu-
ences (Fig. 4b), the fluence rate dependence is minimal—
significant spheroid kill is observed at all fluence rates. This
is especially the case at the highest fluence investigated (200

J cm22). As the total fluence is decreased, however, the ef-
fects of fluence rate become more pronounced. At fluences
of 50 J cm22 and lower (Fig. 4a), it appears that lower flu-
ence rates are more effective than higher ones. In other
words, the threshold light dose can be decreased simply by
giving the dose over a longer period of time, i.e. by lowering
the fluence rate. It is interesting to note that, even at the
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Figure 4. Spheroid survival as a function of fluence rate at repre-
sentative fluences: (a) 25 and 50 J cm22; and (b) 100 and 200 J
cm22. Each data point represents the mean of approximately 40
spheroids. Standard errors are denoted by error bars.

Figure 6. Growth kinetics of spheroids exposed to fluences of: 200
J cm22 (V), 100 J cm22 (▫), 50 J cm22 (l), 25 J cm22 (3) and 0 J
cm22 (dark control; m). A fluence rate of 75 mW cm22 was used in
all cases. Each data point represents the mean of approximately 40
spheroids. Standard errors are denoted by error bars.

Figure 7. Survival as a function of fluence rate for spheroid di-
ameters of: 250 and 500 mm. In both cases, spheroids were exposed
to fluences of 100 J cm22. Each data point represents the mean of
approximately 24 spheroids. Standard errors are denoted by error
bars.

Figure 5. Growth kinetics of spheroids exposed to 25 J cm22 deliv-
ered at fluence rates of: 0 mW cm22 (dark control; m) 25 mW cm22

(●), 50 mW cm22 (▫), 75 mW cm22 (l), 150 mW cm22 (3), 200
mW cm22 (V). Each data point represents the mean of approxi-
mately 40 spheroids. Standard errors are denoted by error bars.

lowest fluence rate investigated here (10 mW cm22), signif-
icant spheroid kill was observed. The results presented in
Fig. 4a indicate that, even at optimal fluence rates (25 mW
cm22), a minimum fluence of 50 J cm22 is required in order
to achieve 100% spheroid kill. To achieve a comparable ef-
fect at a fluence rate of 50 mW cm22 would require a total
fluence of between 150 and 200 J cm22 (Fig. 4b). At fluence
rates of 75 mW cm22 and higher, total spheroid kill could
not be accomplished, even at the highest fluence (200 J

cm22). To avoid hyperthermic effects, fluences in excess of
200 J cm22 were not attempted.

The effect of fluence rate on growth delay at a fluence of
25 J cm22 is illustrated in Fig. 5. Each data point represents
the mean diameter of spheroids surviving a particular PDT
treatment. The figure shows that there is a dose rate–depen-
dent growth delay: longer growth delays are observed at the
lower fluence rates. For example, at fluence rates of 25 and
50 mW cm22 it takes approximately 15 days to reach a di-
ameter of 500 mm, while at the higher fluence rates (.50
mW cm22), this size is attained after only 9 days.

Figure 6 shows that, for a particular fluence rate, there is
a fluence-dependent growth delay; higher fluences result in
significantly longer delays than lower ones. Interestingly,
terminal spheroid size appears to depend on fluence as well.
Spheroids exposed to 200 and 25 J cm22 reach terminal sizes
of approximately 700 and 1500 mm, respectively.

Although relatively small spheroids (ca 250 mm dia.) were
used almost exclusively in these experiments, similar re-
sponses were noted following PDT of larger (ca 500 mm)
spheroids, i.e. lower fluence rates are more effective (Fig.
7).
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DISCUSSION

The primary finding of this study is that the response of
human glioma spheroids to ALA-mediated PDT at a given
fluence, is strongly dependent on the rate at which the flu-
ence is given. The results, which are summarized in Fig. 4,
are in qualitative agreement with the findings of Foster et
al. (31) who observed significant fluence rate effects in a
murine mammary carcinoma spheroid model using Photof-
rint. The results of the study presented here can be inter-
preted by invoking the self-sensitized singlet oxygen–medi-
ated bleaching model of Georgakoudi et al. (34). In this
model, the details of the spatial distribution of singlet oxy-
gen and, therefore of bleaching, depend on the fluence rate.
The central prediction of this model is that, at a particular
depth, singlet oxygen concentration increases as fluence
rates decrease. As a result, photodynamic damage will ex-
tend further into the spheroid as the fluence rate is lowered.
Thus, PDT administered at lower fluence rates will yield
improved therapeutic responses since singlet oxygen is de-
livered to a larger volume of tumor cells.

Examination of fluence rate effects in Photofrint-mediat-
ed PDT has been performed in vitro and in vivo by numerous
investigators; however, to our knowledge, the present study
is the first to attempt a systematic investigation of fluence
rate effects in a human glioma spheroid model using ALA.
The results presented here show that both spheroid survival
and growth depend strongly on the rate at which the fluence
is administered during ALA-mediated PDT. As illustrated in
Fig. 4, the fluence rate effect is fluence-dependent and is
more pronounced at low fluences (#50 J cm22). At higher
fluences, the concentration of singlet oxygen throughout the
entire spheroid volume may be sufficient to exceed the
threshold for damage, regardless of the fluence rate. This is
especially true if the spheroids are sufficiently small with
respect to the oxygen diffusion distance. It is generally rec-
ognized that cells located within 100 mm from an oxygen
source will be sufficiently oxygenated and will likely remain
viable (35). Since the spheroids used in this experiment were
of comparable dimension (radius ø 125 mm) to that corre-
sponding to the maximum oxygen diffusion distance, the
majority of cells in the spheroid were assumed to be viable.
Thus, a lessened fluence rate effect with decreasing spheroid
size would be expected due to improved oxygenation status
throughout the spheroid volume. A series of experiments
were performed to determine the effects of fluence rate on
larger (500 mm dia.) spheroids. The results, presented in Fig.
7, are in qualitative agreement with those obtained for the
smaller spheroids, i.e. significant fluence rate effects are ob-
served for the large spheroids as well. In fact, the large
spheroids demonstrate enhanced sensitivity to treatments at
the lower fluence rates (50 and 75 mW cm22). The reason
for this enhanced response is not known: it may be due to
subtle differences in cell density between the large and small
spheroids. At any rate, there do not appear to be significant
differences in response to treatment for the two spheroid
volumes considered here.

The results presented in Figs. 5 and 6 are of potential
clinical relevance as they show significant fluence- and flu-
ence rate–dependent growth delay among spheroids surviv-
ing a particular treatment. As expected, lower fluence rates

induce greater growth delays than higher fluence rates (Fig.
5), while higher fluences result in greater growth delays than
lower fluences (Fig. 6). Thus, even though a spheroid may
survive a given treatment, its ability to grow will be adverse-
ly affected.

The two-photon fluorescence results presented in Figs. 1
and 2 show that human glioma cells synthesize Pp IX in
vitro, thus providing a justification for ALA-mediated PDT.
This observation has also been made in vivo by Stummer et
al. (36) who used ALA for intraoperative fluorescence de-
tection. Although ALA has not been used in the treatment
of glioma patients, its high tumor selectivity and short cu-
tanenous photosensitization provide compelling reasons for
clinical investigations of this sensitizer.

The poor tumor selectivity observed with Photofrint is
likely the result of its inability to cross the intact blood-brain
barrier (BBB) (17). Significant accumulations of Photofrint
in tumor tissues occur via extravasation following disruption
of the BBB (15). Although Photofrint does not cross the
normal BBB, significant damage to normal brain tissue has
nevertheless been observed following treatment (13,37).
This is probably due to (1) microvascular damage as a result
of accumulation of photosensitizer in the intact BBB (17);
and/or (2) dissipation of photosensitizer with bulk flow into
adjacent normal tissue traversed by edema (15). Due to the
high sensitivity of normal brain tissue, there is a risk of
complications during Photofrint-mediated PDT. For exam-
ple, Muller and Wilson (38) observed elevated intracranial
pressures, suggestive of cerebral edema, in glioma patients
treated with Photofrint.

The results of several animal studies (17,39) show im-
proved tumor selectivity of ALA over Photofrint. In one
study, tumor-to-white matter Pp IX concentration ratios of
approximately 100 were observed in a rabbit model. This is
an interesting observation since most adult tumors arise in
white matter, thus providing a basis for the use of ALA in
the treatment of resection margins following surgery. Al-
though the basis for the high tumor selectivity of ALA is
uncertain, there are numerous studies suggesting that ALA
has the ability to traverse the intact BBB in rats (17,40–42).
Conversion of ALA to Pp IX occurs in the mitrochondria.
It has been suggested that porphyrin PDT is mediated by the
mitochondrial benzodiazepine receptor (MBR) (43). It is
likely that the converted Pp IX is confined to the outer mi-
tochondrial membrane since it is one of the most potent
binding agents to the MBR. The observation of minimal
white matter damage in ALA-mediated PDT may be due to
the fact that MBR is sparse in normal neuronal tissue (44).
Interestingly, a 20-fold increase in the number of MBR in
human gliomas compared with normal brain has been ob-
served (44). The lack of gross propagation of Pp IX with
edema into brain adjacent to tumor supports a predominantly
cellular mode of localization with a negligible vascular com-
ponent (36). The two-photon fluorescence images acquired
in this study show localized regions of intense fluorescence
surrounding the nucleus of the cell (e.g. Fig. 1a). Although
somewhat speculative, it is entirely possible that these re-
gions correspond to mitochondria. Studies are currently un-
derway to identify these regions.

Several studies have demonstrated the effectiveness of
Photofrint-mediated PDT in prolonging survival in patients
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with advanced brain disease. Although Photofrint is ideally
suited to one-shot intraoperative procedures, the prolonged
skin photosensitivity (lasting for several weeks) may limit
its usefulness in protracted treatment regimens. During this
period, which represents a significant fraction of the patient’s
remaining survival time, the patient must be careful to avoid
direct exposure to sunlight. In contradistinction, cutaneous
photosensitivity following administration of ALA typically
lasts approximately 24 h. Aside from the obvious improve-
ments in quality-of-life, there is the intriguing possibility of
using ALA in fractionated treatments over relatively short
times without the danger of cutaneous photosensitizer build-
up. The feasibility of such treatments, using indwelling bal-
loon applicators, is currently under investigation (45).

In a previous study, measurements of light distributions
from a balloon applicator immersed in a tissue-equivalent
brain phantom show that it may be used to deliver sufficient-
ly uniform light doses during PDT (45). Assuming realistic
input powers of a few Watts, calculations show that it is
possible to deliver adequate light doses (ca 50 J cm22) to
depths of 1 cm in approximately 40 min (45). Of clinical
relevance is that, under these treatment conditions, the dose
rate at a depth of 1 cm is approximately 25 mW cm22—a
dose rate that is shown by the present study to be very ef-
fective in damaging ALA-incubated human glioma spher-
oids. At a depth of 2 cm, however, the dose rate drops below
1.0 mW cm22, requiring approximately 22 h for adequate
dose delivery. It is not known whether such low dose rates
will result in sufficient PDT damage; however, it is clear
that such extended treatment periods are impractical using
current ‘‘one-shot’’ intraoperative PDT. Improved response
to PDT may be possible through the development of new
protocols involving fractionated treatments over extended
time periods, perhaps even months. ALA is ideally suited to
such treatments since it has a relatively short period of cu-
taneous photosensitivity and can be administered orally.

In conclusion, the results presented here were obtained
using an in vitro spheroid model. Limitations of this simple
model include the lack of intrinsic cell heterogeneity and the
inability to account for vascular effects. The latter is espe-
cially important since a significant component of PDT dam-
age may be mediated through the vasculature. The applica-
bility of these results to the in vivo situation is not known;
however, it should be noted that localized Pp IX fluores-
cence has been observed in glioma patients following oral
administration of ALA (36). Furthermore, animal studies
have shown ALA to be effective in the treatment of brain
lesions (17,39). More favorable responses to lower fluence
rates have also been observed in animals, albeit with Pho-
tofrint (28). A number of issues must be addressed before
ALA can be used in humans. Perhaps most importantly, it
is unknown whether ALA levels in the resected tumor mar-
gin following oral administration are sufficient for the pur-
poses of therapy. From a previous study (46) it is known
that the response of human glioma spheroids to PDT is
somewhat dependent on the drug concentration used. As-
suming that sufficient amounts of ALA can be delivered to
the cells in the resection cavity, the results of this study
suggest that it may be possible to deliver light doses at suit-
able fluence rates to destroy glioma cells at depths of up to
1 cm in the resection cavity. There is thus the real possibility

of improving local control of this aggressive and fatal dis-
ease.
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