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Abstract

Background Glioma surgery at its nascency relied predominantly on visual and tactile feedback for the removal of grossly
abnormal tissue. This technique has inherent limitations in delineating infiltrative tumor from normal brain, thus limiting the
ability to achieve a gross total resection consistently. Since extent of resection (EOR) is consistently correlated with measures
of survival, fluorescence-guided surgery shows promise in improving our ability to treat high-grade gliomas (HGG). 5-Ami-
nolevulinic acid (5-ALA) is a prodrug preferentially metabolized by glioma cells that allows direct, real-time visualization
of pathologic tissue through fluorescence under blue light.

Objective To report the relationship between 5-ALA and EOR in newly diagnosed HGG. To report our institutional experi-
ence including nuances of workflow.

Methods The authors performed a systematic review of the available literature between 1998 and 2018 to isolate studies
addressing the impact of fluorescence-guided surgery with 5-ALA on the EOR in newly diagnosed HGG. Search strategy
was in adherence to the preferred reporting items for systematic reviews and meta-analyses methodology.

Results Out of 741 unique articles, eight fulfilled our strict inclusion criteria. Fluorescence-guided resection led to greater
EOR in all studies, with six demonstrating statistical significance (p <0.05). Two studies additionally demonstrated statisti-
cally significant increase in progression-free survival in the 5-ALA groups.

Conclusions 5-ALA has an unambiguously positive impact on improving EOR for newly diagnosed HGG. Since the nature
of modern glioma surgery includes a complex arsenal of surgical adjuncts, 5-ALA is seldom examined in isolation and can
be complemented by intraoperative MRI.

Keywords Aminolevulinic acid - 5-Aminolevulinic acid - Fluorescence-guided surgery - High-grade glioma - Extent of
resection

Abbreviations GTR Gross total resection

5-ALA 5-Aminolevulinic acid HGG High-grade glioma

CE Contrast enhancing iMRI Intraoperative magnetic resonance imaging
EOR Extent of resection KPS Karnofsky Performance Scale

EMA European Medicines Agency MRI Magnetic resonance sequence

FDA Food and Drug Administration oS Overall survival

FGS Fluorescence-guided surgery PFS Progression-free survival

FLAIR Fluid attenuated inversion recovery PRISMA Preferred reporting items for systematic

reviews and meta-analyses
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! Hermelin Brain Tumor Center, Department of Neurosurgery,
Henry Ford Health System, Detroit, MI, USA Primary malignant brain tumors by their inherent nature are
2 Department of Neurosurgery, K-11, Henry Ford Hospital, incurable, locally infiltrative, and diffusely present through
Detroit, MI 48202, USA the central nervous system by the time of their initial
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diagnosis. While the long-term prognosis for patients with
high-grade gliomas (HGG) is unanimously dismal, numer-
ous studies have demonstrated a survival benefit to maximiz-
ing local control with cytoreduction >90-98% followed by
chemotherapy and radiation [1-3]. Progression of disease,
despite modern advances in chemotherapy and radiation,
most commonly develops within 2 cm of the initial tumor
resection margins [4]. The steadfast inevitability of local
recurrence has driven numerous advances in glioma surgery,
which aim to improve local control of disease and impart a
cytoreductive benefit that translates to survival benefit.

By nature of its infiltrative disease, abnormal tumor cells
can be found well beyond the margins of what is radiograph-
ically abnormal as well as what is grossly abnormal to the
unassisted eye. These limitations are neither overcome by
simple light microscopy nor appreciable by intraoperative
tactile feedback. This brings to light the need to improve
identification of abnormal tissue at tumor margins and at the
periphery of a gross resection. Several adjunct modalities
that have arisen include fluorescein, ex-vivo Raman spec-
troscopy, intraoperative MRI (iMRI), and 5-aminolevulinic
acid (5-ALA). Additional adjuncts that aim to minimize sur-
gical morbidity and maximize EOR include intraoperative
mapping and neurophysiological monitoring, whole brain
tractography, stereotactic navigation, and functional MRI
[5-10].

Often times these adjuncts are used not in isolation but
simultaneously since each have their inherent benefits and
limitations. The objective of this review is to identify the
potential role of 5-ALA in the surgical management of newly
diagnosed HGG. While the precise mechanism of 5-ALA
to protoporphyrin IX accumulation remains elusive, it is
hypothesized to relate to both endothelial proliferation as
well as metabolic activity. Thus, its uptake and conversion
in higher-grade tumor cells is more avid than surrounding
tissue [11]. While we would ideally aim to review a collec-
tion of high quality studies that focused on 5-ALA as the
sole surgical adjunct, the nature of advanced glioma surgery
is one in which multimodal techniques and technologies are
used. Thus, there is currently a finite body of evidence exam-
ining the effect of 5-ALA in isolation with respect to residual
contrast-enhancing tumor on postoperative MRI.

Methods

An extensive exploration of the available literature began
with a search of PubMed, Web of Science, Cochrane library,
and MEDLINE querying the following MeSH (medical
subject heading) terms in title and abstracts between March
1998 and June 2018: “5-aminolevulinic acid”, “glioma”,
“high-grade glioma”, “glioblastoma”, “resection”, and

“fluorescence-guided surgery”. We defined March 1998 as
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the lower limit of our temporal window as this marks one of
the earliest studies investigating FGS with 5-ALA for glioma
[12]. Nonetheless, the majority of studies included in the
final analysis came after 2007 when the European Medi-
cines Agency officially authorized 5-ALA for use in glioma
[13]. Inclusion criteria limited our examination to studies
encompassing newly diagnosed high-grade gliomas in which
maximal cytoreductive surgery was attempted with a pri-
mary outcome of EOR and/or GTR. The preferred reporting
items for systematic reviews and meta-analyses (PRISMA)
paradigm was used to report our search and screening strat-
egy for finding relevant research articles (Fig. 1).

The studies extracted were further assessed for author-
ship, publication year, study design, recruitment period,
follow-up, sample size, primary outcomes, and secondary
outcomes. The quality of evidence was reported according
to the Methodology of Guideline Development endorsed by
the American Association of Neurologic Surgeons and the
Congress of Neurological Surgery [14].

Results

The aforementioned search strategy returned 741 unique
articles, of which 141 abstracts were screened for eligibility.
While review of the literature produced a plethora of publi-
cations, of the 47 full text articles that were reviewed only
eight fulfilled our inclusion criteria of tackling (1) newly
diagnosed HGG, (2) utilizing 5-ALA, and (3) addressing
extent of resection as a primary endpoint. The majority of
studies excluded were either reviews, case reports, or studies
that did not systematically report extent of resection (or rate
of gross total resection as a comparable surrogate) (Table 1).

Search queries of four major electronic databases ulti-
mately yielded a total of eight articles that were included
in the final analysis. Two studies were prospective in nature
and provided Class I evidence [15, 16], an additional two
studies were retrospective case-control studies demonstrat-
ing Class II evidence [17, 18], and the remaining four studies
were single-center case-series providing Class III evidence
(Table 1). The overwhelming theme, consistent among all
levels of evidence quality, was that FGS contributed posi-
tively towards extent of resection in newly diagnosed high-
grade gliomas.

Extent of resection

Eyupoglu’s group out of Germany report their prospec-
tive, single center experience of 37 HGG patients that
underwent resection using 5-ALA coupled with iMRI; they
describe this combination as a “dual intraoperative visuali-
zation approach” and explicitly outline their intraoperative
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Fig. 1 PRISMA flow diagram for identification and screening of eligible studies

protocol. For the subset of lesions that were deemed com-
pletely resectable preoperatively, the addition of iMRI to
5-ALA increased the EOR from 71.7 to 100%. When exam-
ining the subgroup of lesions near eloquent structures, the
addition of iMRI still increases EOR from 57.6 to 71.2%
[15]. To contrast these findings, Roder et al. [19] compared
each intraoperative tool in isolation only to find much lower
rates of GTR; in this retrospective analysis of initial GBM
resections, the iMRI arm achieved total resection in 74% of
cases while the 5-ALA only group achieved GTR 46% of the
time. This once again underscores the complementary nature
of iMRI to 5-ALA guided resections.

Survival
Among the studies identified, several included overall sur-

vival and progression free survival as secondary outcome
measures of treatment success. The Phase III randomized

control trial comparing 5-ALA to traditional white-light
microscopy demonstrated a statistically significant twofold
improvement for 6-month progression-free survival (PFS)
(41 and 21%, respectively) [16]. This finding was similarly
remonstrated by Kim et al. [20] in their single-surgeon
series of 80 consecutive, newly diagnosed HGG patients.
In this group, progression free survival was 18 months for
the 5-ALA group and 6 months for the white-light control
group, each achieving 97 and 84.7% EOR, respectively.
Two other studies within this review also reported on sur-
vival outcomes, of note overall survival (OS) and PFS were
not significantly different between the combination 5-ALA/
iMRI group and only 5-ALA group [18]. This was simi-
lar to the Coburger et al. [17] matched case-control study
of combined 5-ALA/iMRI compared to iMRI alone where
6-month PFS and OS were not significantly different despite
higher rates of GTR in the multimodality group. Strong con-
clusions can’t be drawn from variables such as survival in
these studies because cases and controls were not matched

@ Springer
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with respect to post-operative interventions, performance
status, and adjuvant treatments. Additionally, the iMRI only
group from the Schatlo study [18] had a statistically signifi-
cant selection bias where patients with better preoperative
Karnofsky Performance Score (KPS) were more likely to
utilize iMRI.

Discussion

Over the past decade, high quality evidence has demon-
strated that extent of resection in glioma surgery translates
to improvements in overall survival and progression free sur-
vival [1, 3]. While the outcome measure of overall survival
is relatively straightforward, the implication of progression
free survival is that not only are these patients living longer,
but also that their functional status and quality of life would
remain stable during this period.

For the purpose of this review, we explicitly focus on
extent of resection as the primary endpoint in evaluating the
efficacy of FGS as a surgical adjunct. In the two case-control
studies included in the analysis, the combination of 5-ALA
and iMRI yielded a statistically significant increase in EOR
in comparison to iMRI alone [17] or 5-ALA alone [18].
This theme is illustrative of the synergy between these two
tools. For instance, while the accumulation of fluorophore
in glioma cells allows real-time visualization of tumor isles
at the boundaries of resection, this same abnormal tissue
may not fluoresce if it is behind a mantle of healthy tissue.
With the addition of iMRI, we may subsequently appreciate
that contrast-enhancing residual tumor still lies immediately
beyond direct visualization. This precise scenario of residual
contrast enhancement despite resection of all evidently fluo-
rescent tissue is described by Eyupoglu et al. and Prada et al.
[8, 15].

FGS has been introduced as a modality in the early 2000s,
with 5-ALA gaining approval for use in glioma by 2007
in the European Union and 2017 in the United States of
America [13, 21]. Surgery for high-grade gliomas routinely
employs a number of surgical adjuncts, including stereo-
tactic navigation and intraoperative MRI. To this effect, we
aimed to demonstrate how 5-ALA use contributes towards
EOR regardless of what other adjuncts are used. Combin-
ing studies of differing methodologies limits our ability to
report any quantitative outcome regarding EOR and GTR
rates, but it does highlight a persistent, cohesive qualitative
analysis that points towards a positive benefit of 5-ALA for
improving resection of contrast-enhancing tumor in HGG.

The role of 5-ALA, despite its repeatedly demonstrated
benefit for EOR, is not quite at a stage to be heralded as a
standard of care modality. Instead, FGS represents an impor-
tant tool in the surgeon’s armamentarium for select cases

based on tumor location, potential surgical radiciality, the
patient’s values, and the patient’s aversion to risk.

An inherent limitation of this review is the relative
paucity of studies explicitly examining 5-ALA in isola-
tion with respect to HGG. For this reason, several studies
were included due to their promising study design despite
including some recurrent HGG or intentionally incompletely
resected tumors. For these two studies, Tsugu et al. and
Della Puppa et al. [22, 23], we focused on the contribution
from the HGG subgroup and the newly diagnosed HGG sub-
group, respectively.

The majority of the studies selected for final analysis had
inclusion criteria that limited patient participation to those
that had tumors deemed entirely resectable. This brings to
light an inherent selection bias since tumors within or near
eloquent areas were preferentially underrepresented. While
other surgical adjuncts such as intraoperative cortical map-
ping and whole-brain tractography may help at the border
of eloquent areas, the extent of resection in these instances
is influenced by complex factors including the patient’s
willingness to accept a neurological deficit and their desire
to maximize potential survival advantage. Ultimately, the
selection of surgical approach, adjuncts, and goals of surgery
in high-grade glioma should be tailored to the values of the
individual patient. An example of the ideal candidate for a
combined 5-ALA +iMRI resection would be a suspected
HGG in the nondominant frontal, temporal, or even occipital
lobe.

Institutional experience

As an early adopter of 5-ALA in the United States, we wish
to report our institution’s experience and nuances of imple-
mentation to support those that may wish to pioneer this
tool in their own locality. The application of this modality
requires multidisciplinary engagement from intake to dis-
charge of the patient. The presurgical unit is familiar with
the low-light requirements for 5-ALA treated patients. Addi-
tionally, a neurosurgical intensive-care unit bed is reserved
the day prior to scheduled surgery to ensure a low-light envi-
ronment is available immediately post-operatively. When in
transit within the hospital, the patient is cloaked from head
to toe in linen coverings to minimize exposed skin surfaces
and therefore the risk of phototoxicity and dermatitis [24].
The surgical workflow includes administration of oral
5-ALA (Gleolan, NX Development Corp, Lexington KY,
USA) 4 h prior to anesthesia induction [21]. This timing
is in anticipation of peak fluorescence culminating 6-8 h
after ingestion. While oral bioavailability may be a theoreti-
cal limitation, phase 1 dose escalation studies demonstrate
safety and efficacy of 5-ALA at doses twofold greater than
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the generally accepted dose of 20 mg/kg reported in prior
studies and recommended by the EMA [21, 25, 26].

To date we have utilized 5-ALA in nine glioma patients,
four of which were newly diagnosed HGG (Table 2). Abnor-
mal tissue avidly fluoresced in each instance with pathol-
ogy unanimously demonstrating HGG by histology in
patients newly diagnosed. Out of 44 fluorescent specimens
sent for histological analysis, 43 were positive for HGG.
The remaining sample that fluoresced but did not contain
glioma showed subpial gliosis with reactive changes in a
patient with recurrent GBM. Protoporphyrin IX has been
known to accumulate in prior areas of inflammation and
gliosis around recurrent tumors [9]. In this series of nine
consecutive patients, the positive predictive value (PPV) of
a fluorescent tissue sample is 97% for all cases, but when
recurrent gliomas are excluded, the PPV increases to 100%.
This comes as little surprise given the positive predictive
value of fluorescent tissue has ranged between 95 and 100%
in high quality studies [12, 17, 27-29].

Our experience also corroborates the utility of 5-ALA in
combination with iMRI affording greater utility than either
one alone. In one instance, a 48 year-old female presented
with vision changes and was found to have right parietooc-
cipital HGG. Traditional white-light illumination was used
to resect grossly abnormal tissue, while 400—410 nm blue-
light illumination was utilized intermittently to identify
avidly fluorescing tissue until no more fluorescent tissue was
visible along all possible working angles within the cavity.
The patient was subsequently transferred to the integrated
iMRI suite where a significant volume of contrast-enhanc-
ing tumor was still visible anterior and medial to the opera-
tive bed (Fig. 2a). The patient was brought back for further
resection of the residual contrast-enhancing (CE) region

to achieve a gross total resection as illustrated by the early
postoperative scan (Fig. 2b). Interestingly, this newly identi-
fied region of contrast enhancement did not fluoresce under
blue-light—histology for this fragment of non-fluorescent
tissue showed mildly hypercellular brain parenchyma and
fragments of hemostatic gelatin powder but no tumor cells.
This finding highlights the inherent differences between
using contrast enhanced MRI versus 5-ALA to determine
residual tumor. Contrast enhancement is determined by
gadolinium extravasation and can be found in conditions
other than tumor, such as injured brain caused by surgery.
On the other hand, fluorescence is a metabolic marker. As
such, at least in this case, fluorescence was a more accurate
measure of tumor.

We have also encountered the opposite scenario where
iMRI depicts complete resection of CE tissue yet blue-light
microscopy demonstrates persistent fluorescence with posi-
tive histological margins (Fig. 3). This 60 year-old female
with prior history of low-grade glioma who presented with
left hemiparesis and likely malignant transformation to HGG
in the right frontal precentral gyrus (Fig. 3a). The subse-
quent resection was performed as an awake craniotomy with
5-ALA, intraoperative neurophysiological motor mapping,
as well as iMRI. Towards the limits of our resection, sub-
cortical stimulation yielded motor response at 7 mA and
we appeared to be at the boundaries of the tumor based on
stereotactic navigation. The remnant tissue, however, was
still fluorescing avidly but the decision was made to halt
and check the resection status with iMRI given the patient
was still spontaneously moving her left upper extremity
on command. As shown in Fig. 3b, all contrast-enhancing
tumor had been resected yet fluorescent tissue was clearly
still visible (Fig. 3c). This was likely reflective of residual

Table 2 Patient demographics for nine consecutive 5-ALA guided resections at our institution

Patient Age (y)/sex Location Histology KPS GTR Transient deficit New permanent deficit HGG + speci-
men/total
fluorescent
specimens

1 56 F R occipital ~GBM (recurrence) 90 +) (=) (=) 5/5

2 55M L temporal GBM (prior LGG) 90 (=) (=) (=) 4/4

3 70 F R frontal GBM (prior LGG) 90 (+) Left hemiparesis (=) 5/5

4 60 F L temporal GBM recurrent HGG 90 (+) Right hemiparesis Right hemiparesis 5/5

5 65 M R frontal GBM recurrence 90 (+) (=) (=) 4/5 subpial

gliosis, reac-
tive changes

6 44 M R temporal GBM 80 (+) (=) (=) 5/5

7 65 M R frontal GBM 80 (+) (=) (=) 5/5

8 63 M R parietal GBM 100 (+) Post-seizure paresis  (—) 5/5

9 49 M R parietal GBM 100 (+) =) (=) 5/5

Positive predictive value of fluorescent tissue was 100% for newly diagnosed HGG. Resection in patient 2 was subtotal as residual enhancing
tumor was infiltrating the sylvian fissure and frozen pathology was consistent with gliosarcoma
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Fig.2 a Intraoperative MRI

T1 + contrast depicting residual
contrast-enhancing (CE) tissue
anterior and medial to the resec-
tion cavity. iMRI was performed
after all visibly fluorescent tis-
sue had been resected in piece-
meal fashion. This CE tissue did
not fluoresce under blue-light,
pathology showed mildly
hypercellular parenchyma but
no HGG. b Early postoperative
MRI T1 +contrast showing that
the previously CE-tissue identi-
fied on iMRI was subsequently
completely resected

Fig.3 a Preoperative MRI

T1 + contrast depicting right
frontal contrast enhancing
lesion. b Intraoperative MRI

T1 + contrast depicting gross
total resection of all enhancing
tissue. ¢ View through operative
microscope with blue-light
demonstrates residual fluores-
cence, though not as avid as

the majority of the tumor. d
Intraoperative MRI T2 fluid-
attenuated inversion recovery
(FLAIR) sequence, likely repre-
senting residual non-enhancing
lower grade tumor cells

non-enhancing lower-grade glioma tissue. (Fig. 3d). Subse-  of disease progression anterior, medial, and superior to the
quent delayed postoperative MRI after temozolomide and  resection cavity infiltrating along the corona radiata.
radiotherapy demonstrated numerous subcentimeter foci
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Conclusion

5-ALA has demonstrated an undisputed benefit in pro-
viding real-time tumor visualization, high diagnostic
accuracy, and minimal deviation from standard operative
workflow for HGG resection. Not only has this pro-drug
demonstrated its merit in comparison to standard white-
light resection, but the addition of iMRI has also shown
synergistic benefit when it comes to EOR and conse-
quently survival advantage.

These two tools together overcome numerous limita-
tions of standard glioma surgery, with 5-ALA providing
real-time delineation of tumor margins and iMRI revealing
hidden nests where tumor may still be obscured.
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