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Fluorescence-guided surgery for
brain tumors

Martin Hefti*

B Protoporphyrin IX (PplX) is a strong fluorophore and high concentrations of PplX can be exploited to
mark tumor cells.

PplIX accumulation in high-grade gliomas after premedication with 5-aminolevulinic acid has a positive
predictive value of 95%.

B PplX fluorescence-guided surgery doubles the number of gross totally resected patients.

Practice Points
| |

B Approximately 80% of meningiomas accumulate PplIX regardless of tumor grade.
B Dural tail and tumor infiltration into osseus structures can be visualized.
B [nadequate tumor marking with 5-aminolevulinic acid is seen in brain metastasis.

B Heterogeneous staining and a very high number of false-positive signals prevent diagnostic accuracy in
brain metastasis.

SUMMARY  5-aminolevulinic acid-induced protoporphyrin IX fluorescence was
authorized in the EU for visualization of tumor tissue during surgery for WHO grade llI
and IV gliomas in 2007. It facilitates tumor identification and doubles the number of
gross total resections that can be achieved in these tumors. The growing acceptance of
fluorescence-guided surgery in malignant gliomas brings forward a substantial yield of data
on many types of intracranial lesions. The following review summarizes the main findings
of these publications and illustrates the limitations, caveats and future perspectives of
5-aminolevulinic acid-induced fluorescence in malignant glioma as well as in other brain
neoplasms.

Malignant gliomas are neoplasms known for their ~ with white-light illumination and neuronaviga-
highly infiltrative growth and invasive potential.  tion vary between 31 and 35% [2,3]. Tools to over-
The role of extensive resection in the treatment  come these shortcomings have been investigated
of these tumors has been controversial. In recent by neurosurgeons for decades — fluorescence
years, level 2b evidence in favor of complete resec-  techniques among them [4].

tion of enhancing tumor was established [1]. How- The first papers detailing the use of 5-amino-
ever, published rates for complete resection of levulinic acid (5-ALA) for photodynamic diag-
malignant gliomas with the help of a microscope  nostics go back as far as 1979 (5] and applications
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to better detect tumors originating in the epider-
mis, mucosa of oral cavities, bile ducts, urothe-
lium, bronchi and others, also for clinical use,
began a mere decade later. In 1998 the first stud-
ies on 5-ALA protoporphyrin IX (PpIX) fluores-
cence with human glioma % vitro and in vive
were published [4.6-8]. In 2002, orphan drug
status (EU/3/02/121) was granted by the Euro-
pean Commission for 5-ALA hydrochloride for
fluorescence-guided resection of residual glioma.
The subsequent Phase III trial demonstrated an
almost doubled rate of successful gross total
resection without an increase in severe adverse
events [9]. Following these positive results, in
September 2007, 5-ALA was authorized in the
EU for the visualization of tumor tissue during
surgery for WHO grade Il and IV glioma under
the name of Gliolan® (medac, Manchester, UK).
Since then, fluorescence-guided resection has
been embraced by hundreds of neurosurgeons,
not only in Europe, but also in countries ranging
from Taiwan to South America. Accordingly, the
number of publications on fluorescence-guided
surgery in brain tumors has grown from four
or five in 2006 to more than 100 in 2012. The
following review summarizes the main findings
of these publications and illustrates the limita-
tions, caveats and future perspectives of 5-ALA-
induced fluorescence in malignant glioma, as
well as in other brain neoplasms.

5-aminolevulinic acid

5-ALA is a precursor in the cellular heme bio-
synthesis regulated by a negative feedback mech-
anism through the control of ALA synthetase by
free heme. The negative feedback mechanism
can be overcome by providing the cells with an
excess amount of exogenous 5-ALA, resulting
in intracellular accumulation of fluorescent por-
phyrins — mainly PpIX — which cause the cells to
become fluorescent and photosensitive. Probably
the most relevant factors affecting the potential
amount of PpIX accumulation within a cell are
increased cellular uptake of 5-ALA, faster PpIX
synthesis, reduced PpIX conversion into heme
and low availability of ferrous iron [10-12]. As
PpIX is a highly fluorescent substance (peak of
emitted light at 635 nm) with a maximum exci-
tation at 410 nm, high concentrations of PpIX
can be exploited intraoperatively to mark and
remove tumor cells by using blue light and a spe-
cialized filter that blocks most of the excitation
light. 5-ALA itself does not show fluorescence
and, as PpIX is a product of cell metabolism and
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mainly synthesized within the mitochondrium,
PpIX does not contaminate the resection cavity
during surgery and marks the tumor irrespective

of brain shift.

High-grade glioma

A multicenter Phase III trial on 322 high-grade
glioma (HGG) patients in Germany with a
median follow-up of 35.4 months showed an
increase of gross total resection from 36 to 65%
in favor of PpIX fluorescence. Patients operated
on with fluorescence subsequently demonstrated
a progression-free survival of 41.0 (5-ALA), ver-
sus 21.1% (control), with no difference in the
severity and frequencies of adverse events after
6 months [9].

The advantage of fluorescence-guided surgery
over conventional white-light resection in HGG
is due to the specific accumulation of PpIX in
HGG cells. The selective intratumoral accu-
mulation is a multifactorial process that prob-
ably begins with a blood-brain barrier leakage,
allowing the 5-ALA molecule to penetrate into
the tumor. Gadolinium enhancement (T, MRI
sequences) was shown to correlate with the
amount of PpIX within tumor tissue, illustrat-
ing the significant role of blood—brain barrier
disruption in PpIX accumulation [13]. However,
factors such as enhanced microvascular density
(MVD) within the tumor tissue, cellular prolif-
eration, shortage of ferrous iron, and slowness
and lower availability of ferrochelatase [10-12] in
neoplastic cells, all contribute to the accuracy
of marking malignant glioma with 5-ALA. Its
specific accumulation defines a sharp border of
fluorescence between tumor tissue and normal
brain within a range of 3—12 h after administra-
tion of 5-ALA [6], which can be calculated as a
signal intensity ratio between normal brain and
tumor as high as 10:1 [7]. The potential to mark
HGG cells with 5-ALA-induced fluorescence
is further illustrated by a positive intraopera-
tive tumor detection in 84.8% of cases (90%
CI: 70.7-93.8%) giving the method a positive
predictive value of 95% [14]. When compared
with MRI, currently the gold standard in HGG
imaging, fluorescence seems to mark tumor
tissue more reliably than gadolinium or T,
sequences, and even equaled hematoxylin and
eosin staining in an experimental setting with
rats [15]. The intensity of the fluorescent signal
correlates not only with cell density but also with
cell proliferation and malignancy [16]. Signal
intensity will therefore be high in areas of vital
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tumor, lower in areas of infiltrative tumor and
lower in grade III than IV gliomas [17]. As vital
cells are necessary to convert ALA into PpIX,
no accumulation will be found in necrotic areas
and hence no signal will mark these specific
regions within the tumor. When using PpIX
accumulation to guide the resection of HGG,
areas of very strong fluorescence and sometimes
areas of vague or faint fluorescence can be seen.
Areas that display a strong signal in HGG are
vital tumor and specificity here again is almost
100% [18]. The specificity decreases with a fad-
ing signal intensity as the tumor load within the
area of infiltration drops down to the threshold
limit of detection. Under optimal conditions
with an operation microscope and standard fit-
tings for a 400—440-nm excitation light source,
that threshold of detection appears to equate
to a concentration of 1 pg/ml of PpIX, which
approximately corresponds to a tumor cellularity
of 4.5% [19,20]. Thus, the area of detection limit
defines a region where infiltration sometimes
constitutes solitary glioma cell infiltration, for
actively migrating HGG cells also contribute to
the overall aspect of the fluorescent signal [21].

Notwithstanding these tumor-specific charac-
teristics, in areas of weak fluorescence in HGGs
approximately 3.8% of all biopsies are false
positive [14]. To some extent, these false-positive
signals originate from gliosis, increased reactive
astrocytes [22] and macrophages, but they can
also represent extracellular PpIX emitted/leaked
from HGG cells [23]. Furthermore, seemingly
non-neoplastic PpIX accumulation in HGG has
been reported around blood vessels, which might
be explained by a high availability of 5-ALA in
areas of blood-brain barrier leakage [22], but
could also be attributed to dose- and time-
dependent increase of PpIX in the intima, media
and adventitia of the arterial wall after systemic
5-ALA application 24. MVD, temperature, pH
and hypoxia all seem to play a part in extra-
tumoral PpIX accumulation [25,26]. However, in
HGG, false-positive signals seem to occur almost
exclusively within areas of vague fluorescence and
can thus be avoided when resection is limited to
regions of strong fluorescence only.

Owing to the infiltrative characteristics of
HGG disease, approximately two-thirds of
nonfluorescent biopsies taken from the adjacent
brain still contain a small number of tumor cells.
We could increase sensitivity by calculating the
contribution of these solitary HGG cells to the
areal PpIX concentration with specialized optical
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a safety issue.

series [18,29,30].

Fluorescence-guided surgery for brain tumors

devices. To lower the detection threshold for
PpIX-emitted photons would increase the num-
ber of false-positive signals and thus potentially
compromise the accuracy of resection and create

The idea to improve PpIX detection by using
optical devices to quantify the emitted wave-
length at 635 nm is intriguing and its feasibility
has repeatedly been demonstrated [16,18]. How-
ever, as we already see a decline in specificity
correlating to fading signal intensity in HGG,
I personally think that optical devices should be
used to reliably define a virtual border between
solid tumor and infiltration (solid and vague fluo-
rescence) and not to further increase sensitivity

. By omitting the arbitrary and individu-
alized judgment of different fluorescence quali-
ties, fluorescence-guided tumor resection could
be made more consistent and safer [1].

In HGG, PpIX fluorescence positively cor-
relates to MVD, hypoxia, malignancy and pro-
liferation, and thus, not only marks neoplastic
cells but also shows the most aggressive areas
within the tumor, unchallenged by brain shift
or registration failures. Fluorescence can thus
be used to detect anaplastic foci in gliomas of
estimated lower grades or to confirm biopsy
placement within regions of higher metabolism
within low-grade gliomas (LGGs) as depicted by
PET scans [27.28]. The high diagnostic accuracy
of strongly fluorescent neoplastic tissue illustrated
by a positive predictive value of 95% actually
surpasses the accuracy of cryosections. 5-ALA
can therefore be used for positive confirmation
of stereotactic biopsy samples to reduce time and
morbidity in these procedures. This procedure
was initially reported in 2008 and its feasibility
was recently confirmed and shown in two further

Low-grade glioma

Despite considerable success, 5-ALA-induced
fluorescence imaging is currently only useful for
tumors with relatively high PpIX accumulation.
In tumors without significant blood—brain bar-
rier leakage, without regional hypoxia or with
low proliferation, with low enzymatic activities
within the porphyrin cascade and low Fe** con-
centrations, accumulation of PpIX is equiva-
lent to that of normal brain or measures only
slightly higher. Residual background excitation
blue light, used for intraoperative topographic
discrimination and safer resection procedures,
reduces the ability to detect visual fluorescence
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Figure 1. Continuous intraoperative protoporphyrin IX fluorescence signal quantification.

(A) The proposed border between solid and vague fluorescence as seen by the surgeon through the
microscope [101]. (B) Intraoperative computerized analysis of the signal intensity from the surface of a
glioblastoma multiforme at 630-640 nm. Among many other vectors, the computed signal intensity
has to be adjusted for distance to light source and final photon detection, tissue optical properties
and spatial reflectance (cavities). Based on these analytical calculations and the results from serial
biopsies, estimations for the border between solid and infiltrating tumor can be given.

even more and hence reduces sensitivity. LGGs
therefore are not candidates for conventional
PpIX-guided surgery.

Interestingly, otherwise undetectable PpIX
accumulation in LGG could be identified with
confocal microscopy or fluorescence reflection
measurements intraoperatively [31]. It is yet to
be determined whether an increase in sensitiv-
ity reduces safety and diagnostic accuracy as
in HGG, or if continuous reading of different
quantitative optical data during the surgical pro-
cedure could be a solution for visualizing LGG.
The possible impact on patients’ survival of a
device that accurately marks LGG independent
of brain shift and cumbersome intraoperative
MRI can hardly be overestimated. It will cer-
tainly be worthwhile to go through the basic
scientific process of gathering information on
specific characteristics of PpIX metabolism in
each of these tumors, for that sort of informa-
tion will be necessary to interpret the acquired
data and translate information into a usable
image.

Meningiomas

Several case reports, as well as a number of small
illustrative series where PpIX fluorescence was
used for resection in meningioma patients have
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been published [32.33]. A strong, sometimes
homogeneous fluorescence, often marked the
tumor regardless of its histopathological sub-
type, tumor grading or proliferation indices [32].
As identification of meningiomas can usually
be achieved macroscopically, it took the obser-
vation of positive fluorescence within areas of
meningeal tumor infiltration and areas of bone
invasion to spark interest in 5-ALA in these
particular tumors [32,33]. The reason for this
enthusiasm lies with the fact that an accurate
visualization of tumor infiltration within hyper-
ostotic areas not only could facilitate complete
resection and avoid unnecessary openings at the
skull base, but would also ultimately improve
survival. To date, the extent of bone involve-
ment in meningioma is impossible to delineate
reliably [34]. Bone invasion, however, directly
affects recurrence rates, morbidity and mortal-
ity in meningioma patients [35]. Tumor-specific
biomarkers, such as 5-ALA-induced PpIX fluo-
rescence, might not only provide a new visu-
alization modality, but could have a substantial
impact on mortality and morbidity in these
surgically challenging tumors.

Preliminary data show deviations of fluo-
rescence intensity after 5-ALA application
between single meningioma cases [36], as well
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as differences in intensities on an intratumoral
level. Cellular density and areas of densely
packed collagenous fibres could be identified
to explain some of the intratumoral signal het-
erogeneity [37); compartmented vascular density
and perfusion, along with regional chromosomal
aberration, could be additional reasons. The dif-
ferences in PpIX accumulation between benign
meningioma cell lines were demonstrated to be
mainly due to ferrochelatase activity and ferro-
chelatase synthesis; low ferrochelatase activity
yields substantial PpIX accumulation within
meningioma cells. Accordingly, substances that
directly or indirectly influence ferrochelatase
activity can be used to improve detectability
of these tumors [38]. Detectability of PpIX in
meningiomas can also be improved by optical
devices, so that even within regions of nondis-
tinguishable fluorescence, a difference in PpIX
concentration can be recognized and possibly
correlated to meningioma infiltration [36].

Meningiomas display different patterns of
chromosomal and molecular changes that may
have an impact on outcome and tumor recur-
rence [39]. With areas of intense, low and no
fluorescent signal in meningiomas after 5-ALA
application, the question of whether hetero-
geneity in fluorescence intensity and molecular
heterogeneity correlate, to some degree could
prove to be crucial in defining the usefulness of
5-ALA-induced fluorescence for resection con-
trol in meningiomas [40].

Fluorescence-guided surgery for brain tumors

Other intracranial tumors

Over the years, misinterpretation of preopera-
tive imaging has led to a number of cases where
5-ALA has erroneously been given to patients
with a variety of intracranial lesions other than
malignant glioma. Often these cases were retro-
spectively analyzed for clues of PpIX accumula-
tion. Later, prospective studies, usually with a
limited number of patients with all sorts of intrac-
ranial tumors, were conducted and showed that
PpIX accumulation is not specific for malignant
glioma. PpIX fluorescence after administration of
5-ALA occurs in lymphoma; melanoma; breast
cancer, colon and ovarian carcinoma metastases;
vasculitis; chordomas and hemangioblastomas;
ependymoma ; pituitary adenomas;
and many other intracranial lesions [18,41-43]. It
seems that, whenever pronounced gadolinium
enhancement can be seen on MRI scans and cell
proliferation within the tissue is high enough,
a fluorescent signal of varying intensity can be
detected approximately 4-5 h after administra-
tion of 5-ALA. There is, however, next to no
information on the specificity and sensitivity in
these tumor entities, nor can we be sure about
the kinetics of PpIX accumulation within these
tissues. However, false-positive staining of the
surrounding normal brain is frequently reported,
especially in cases of metastasis [18,42].
Apart from proliferative microglia in the tumor’s
vicinity and a certain inflammatory reaction that
can show intrinsic accumulation of PpIX and,

Figure 2. Intraoperative image after complete removal of a cerebellar breast cancer metastasis.
5-aminolevulinic acid was administered to the patient 5 h prior to surgery. (A) Picture taken with
the help of the operation microscope under white-light illumination. Suction device and pointer
of neuronavigation are visible. (B) Picture taken with the help of the operation microscope

under 400-nm blue-light illumination. Suction device and bipolar forceps are visible. A positive
protoporphyrin IX staining of the tumor-surrounding tissue can be noticed. The tissue proved to be

tumor negative in subsequent histological analysis.
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Figure 3. Ependymoma WHO grade lll. (A) Intraoperative view into the ventricle of the left
hemisphere of the brain of a patient with ependymoma WHO grade Ill under white-light. Identical
view through the operation microscope with switched-on blue excitation light. (B) The fluorescent
surface of the ependymoma is clearly visible and easy to distinguish from the surrounding brain and

ventricle’s ependyma.

therefore, account for these false positive sight-
ings, neoplastic cells can also actively move PpIX
into the extracellular matrix by way of ABCG2
membrane proteins or other porphyrin carri-
ers [44]. Porphyrins are incapable of readily tra-
versing the biological membranes because they
carry negative charges and will, therefore, be
extruded sooner, more frequently and in higher
concentrations from all cells with a high density
of ABCG2 carriers. The extracellular PpIX will
then be transported by cerebrospinal fluid bulk
flow into intact brain areas and cause detectable
fluorescence far away from the neoplastic lesion.

Reuptake through the outer cell membrane of
the same porphyrins is then mainly carried out
via low-density lipoprotein receptors [44.45]. The
amount of extracellular and intracellular PpIX in
a given intracranial lesion, therefore, is probably
a function of time and the number (densities)
of these export and import carriers on the cells’
surfaces. It is not uncommon during surgery to
find the actual metastasis without recognizable
fluorescence and the surrounding brain struc-
tures awash in PpIX. In these cases, to follow the
fluorescent signal with the resection would lead
to the removal of functional brain and eventually
prevent recognition of the lesion itself. Therefore,
PpIX fluorescence should not be used in tumors
where basic knowledge about PpIX metabo-
lism is not established. In addition, we have to
take the sometimes enthusiastic reports of yet
another tumor entity that fluoresces [42] with
growing caution. Thorough basic science will be
needed to establish the exact characteristics of
each tumor so that we do not follow fluorescent
signals blindly.

CNS Oncol. (2013) 2(1)

Conclusion & future perspective
5-ALA-induced PpIX fluorescence most accu-
rately marks HGGs. By facilitating tumor iden-
tification 5-ALA doubles the number of gross
total resections that can be achieved. As signal
intensity correlates with cell density and malig-
nancy, active fluorescence can also be used to
guide biopsy to prevent sample bias and under-
grading. For these reasons, PpIX fluorescence
is quickly becoming a standard imaging tech-
nique in all suspected HGG cases at a growing
number of neurosurgical centers. Inadequate
tumor marking with 5-ALA is seen in metasta-
sis, where heterogeneous staining of the tumor
and a very high number of false-positive signals
prevent diagnostic accuracy. In meningiomas,
however, dural tail and tumor infiltration into
osseus structures can often be visualized using
5-ALA. As these infiltrative parts are often the
location of recurrent tumor, improved visualiza-
tion by fluorescence could change the surgical
routine in these challenging tumors. Hetero-
geneity of the intensity of the fluorescent signal
within the tumor, however, is unresolved and
larger multicenter studies are needed to clarify
this subject. Optical devices to improve the sen-
sitivity of PpIX detection and to quantify the
signal in areas of nonrecognizable fluorescence,
as well as substances to increase PpIX synthesis
in meningioma cells, could either alone or in
cooperation be a solution to this problem.
Increasing the sensitivity of detection by low-
ering the threshold for identification of PpIX
could also be a way to identify LGGs. Dif-
ferent systems for quantification have already
been tested and preliminary data for their use
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in LGG exist [16,18,101]. Critical interpretation of
the available data, however, suggests that pos-
sibly more than one fluorescent tumor marker
will have to be calculated to adequately identify
and resect LGG.

As digital data acquisition and image interpre-
tation with the available and growing low-cost
computing power becomes feasible, it seems rea-
sonable to suggest that the answer to oncological
neurosurgery lies with a combination of many
fluorescent tumor-specific markers. Different
excitation light sources and their emitted spec-
tra could simultaneously be analyzed through
digital processing, which is incorporated into
the surgeon’s microscope, while the operation
continues without interruption. The processed
data would be used to create a virtual image of
the tumor, which could then be transmitted into
the surgeon’s view as a semi-transparent overlay
delivering accurate real-time information on
tumor borders, but also instantaneous metabolic
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