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Abstract Malignant glioma surgery involves the challenge of
preserving the neurological status of patients harboring these
lesions while pursuing a maximal tumor resection, which is
correlated with overall and progression-free survival.
Presently, several tools exist for assisting neurosurgeons in vi-
sualizing malignant tissue. Fluorescence-guided surgery (FGS)
with 5-aminolevulinic acid (5-ALA) has increasingly been used
during the last decade for identifying malignant glioma.
Intraoperative magnetic resonance imaging (iMRI), first intro-
duced in the mid-1990s, is being evaluated as a further tool to
maximize the extent of resection. We aimed to evaluate the
literature and discuss synergies and differences between FGS
with 5-ALA and iMRI. We conducted and reported according
to the Preferred Reporting Items for Systematic Reviews and
Meta-Analysis (PRISMA) statement. After excluding non-
relevant articles, 16 articles were evaluated and included in
the qualitative analysis, comprising 2 (n = 2) reviews of the
literatures, 1 (n = 1) book chapter, and 13 (n = 13) clinical
articles. ALA-induced fluorescence goes beyond the borders
of gadolinium contrast enhancement. Several studies stress
the synergy between both tools, enabling increase in extent of
resection. We point out advantages of combining both methods.
iMRI, however, is not widely available, is expensive, and is not
recommended as sole resection control tool in high-grade glio-
ma. For these centers, FGS together with mapping and moni-
toring techniques, neuronavigation and, when needed, intraop-
erative ultrasound provides an excellent setting for achieving
state-of-the-art gross total resection of high-grade gliomas.
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Introduction
Extent of resection matters

Over the past years, the goal of glioma surgery has shifted
from removing what is obvious to the human eye as brain
tumor to what is now known to be malignant tissue assisted
by technological innovations. It is now common understand-
ing that the extent of resection (EoR) in high-grade glioma
maximizes overall survival (OS) and progression-free survival
(PFS) [7, 32,41, 44, 45, 53, 54, 62], the last one being poten-
tially jeopardized even if a small tumor remnant is left after
surgery [10]. Although independent factors, i.e., age, preoper-
ative Karnofsky performance scale (KPS), molecular markers
(IDH-1 mutation, O6-methylguanin-DNA-methyltransferase,
MGMT, promoter methylation), and tumor location, might
play a role in influencing OS, EoR is the variable that we as
neurosurgeons can influence [12, 43]. Glioma tissue infiltrates
healthy brain tissue in a manner that is not perceptive to the
human eye nor tangible to our hands or our instrumental ex-
tensions during surgery. This makes it challenging to identify
glioma tumor tissue with white-light microscopy alone, espe-
cially at tumor margins. For this reason, several tools for the
delineation of tumor tissue have been intensively explored,
such as neuronavigation [84], linear array intraoperative ultra-
sound [12, 84], fluorescence-guided surgery (FGS) mediated
by 5-aminolevulnic Acid (ALA) [75], and intraoperative mag-
netic resonance imaging (iMRI) [69]. The relevance, utility,
additional value, and cost-effectiveness of these tools are be-
ing studied. Hence, recently, several articles have been explor-
ing the differences and synergies between FGS and iMRI by
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either applying these tools simultaneously or in different co-
horts during glioma surgery. We aimed to review FGS and
iMRI in the context of glioma surgery and evaluate the liter-
ature for articles committed to study these tools simultaneous-
ly. Ergo, we performed a MEDLINE/PubMed search to iden-
tify relevant studies about ALA and iMRI. Our aim was to
analyze synergism within both tools and compare outcomes.

Materials and methods
Research protocol and literature search with PRISMA

As a complementary and to guide a thorough literature search
of studies where ALA and iMRI were simultaneously applied,
we conducted a search and reported according to the Preferred
Reporting Items for Systematic Reviews and Meta-Analysis
(PRISMA) statement [46, 47]. We searched for articles pub-
lished until June 2017 without neglecting any earlier publica-
tion date. The following terms were used to search for title and
abstract: “ALA” and “intraoperative MRI”, “MRI” and
“ALA”, “MRI” and “PPIX”, and “magnetic resonance imag-
ing” and “aminolevulinic acid”. After excluding not relevant
articles by removing duplicates as well as non-English articles
and screening their titles and abstracts, we selected solely
studies that evaluated FGS and iMRI simultaneously or in
parallel in different cohorts. The screening of articles was
performed with the help of Endnote X7 (Thompson Reuters,
Carlsbad, California, USA).

Results

The above-mentioned search delivered 406 articles. After re-
moving duplicates, abstracts from 280 articles were screened
for relevance. After thorough evaluation and excluding arti-
cles that did not meet inclusion criteria, we identified 26 arti-
cles for full text evaluation. When relevant, we included ref-
erences cited from the selected articles. We identified 16 arti-
cles to include in our qualitative synthesis. These included 1
book chapter [84], 2 reviews of the literature [3, 19], and 13
clinical studies [9, 10, 12, 22, 23, 25, 30, 50, 55, 57, 64, 83,
88], as illustrated in Fig. 1. The selected articles were pub-
lished between July 2011 and June 2017 (Fig. 1). The clinical
studies are summarized in Table 1.

Discussion
5-Aminolevulinic acid

5-Aminolevulinic acid, a prodrug and a precursor in heme bio-
synthesis, leads to accumulation of fluorescent protoporphyrin
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IX (PPIX) in certain glioma tumor cells, enabling their visual-
ization with the use of commercially available microscopes
equipped with a special filter system. The exact uptake mech-
anism of ALA in glioma cells is still not fully understood.
However, it is known that ALA is selectively absorbed by tu-
mor cells and is converted into fluorescent PPIX with the help
of enzymes of the heme biosynthesis [14]. First introduced in
1998 [78], ALA has been extensively investigated in and
ex vivo, finally obtaining approval in Europe and many further
countries after a randomized phase III trial [75]. Recently, ALA
was also approved for fluorescence-guided resections of glio-
mas in the USA.

A high selectivity of malignant glioma cells for PPIX fluo-
rescence has been observed in several studies presented over
the last decades, and normal brain tissue does not appear to
induce PPIX expression after ALA administration [9, 17, 20,
31, 34, 74, 79]. To date, ALA is administered as an oral solu-
tion at a dose of 20 mg/kg body weight 4 hours before anes-
thesia induction [75]. Not only from surgical experience, but
also from ex vivo studies, we know that peak fluorescence
will be expected around 6-8 h after administration [77]. A
recent report explored the low toxicology and the safety pro-
file of ALA [82]. Besides rare transient liver enzyme elevation
and known light sensitivity of the skin 24 h after administra-
tion, ALA appears to be safe. So far, more than 30,000 pa-
tients in over 30 countries have been treated with ALA-
induced fluorescence [72]. In order to visualize PPIX fluores-
cence, a modern microscope equipped with a blue/violet light
with a wave length of 375-440 nm together with an emission
filter is needed, enabling the visualization of red fluorescence
at a first peak of 635 nm and a second peak at 704 nm (Fig. 2).

Green fluorescence, which is the way tissue autofluores-
cence appears, will enable background information to allow
visualization of surrounding tissue [76]. This information,
however, can sometimes be too weak for adequate discrimi-
nation of the surgical field, requiring surgeons to alternate
between white-light microscopy and blue fluorescence, e.g.,
for hemostasis. When tumor cell density in tumor tissue is
above 10%, PPIX fluorescence visualization will be expected
[79]. However, in recurrent gliomas, some caveats merit men-
tion when operating with FGS and ALA, since altered brain
tissue and gliosis areas along with reactive astrocytes might
induce ALA uptake and provide PPIX fluorescence [48].
Therefore, concerns have been raised regarding the specificity
of PPIX fluorescence in recurrent gliomas [14]. In a recent
study, however, the diagnostic accuracy of fluorescent tumor
tissue did not significantly differ between primary and recur-
rent glioblastomas [88]. Furthermore, authors have reported
that in certain cases, PPIX fluorescence can help differentiate
recurrent tumor from scar tissue [10]. Another important pit-
fall is that fluorescence can be hidden in the tumor cavity, e.g.,
when craniotomy is too small, or behind a thin layer of healthy
brain or blood [23, 25]. FGS with ALA 2-D is an imaging
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surface tool, with which depth can limit visualization of tumor
tissue. Anatomical landmarks—as well as further tools such as
intraoperative ultrasound, neuronavigation, and iMRI—can
be applied when available, to avoid missing tumor tissue.

Intraoperative MRI

Since their first introduction in the mid-1990s [6], low- (0.15—
0.5 T) and high-field iMRI (1.5-3.0 T) are being investigated
for resection control in glioma surgery [9, 13, 37, 49, 69, 70].
iMRI can provide relevant real-time imaging and feedback on
the resection status during surgery. It allows to update the
neuronavigation system which can increase accuracy during
resection, making brain shift after initial resection a lesser
problem [28, 29, 37, 38]. Nimsky et al. [51] evaluated iMRI
in the context with intraoperative neuronavigation and dem-
onstrated the advantages of combining both tools.

Sentft et al. performed the first randomized controlled trial
evaluating iMRI in glioma surgery and demonstrated a gross
total resection (GTR) rate of 96% in the iMRI arm, compared
to 68% in the control group with conventional microsurgery
[69]. Several studies have evaluated the clinical value of low-
field iMRI [25, 30, 33]. Extension in EoR and PFS was

demonstrated by Senft et al. in their iMRI group using a
low-field iMRI (0.15 T), whereas Coburger et al. demonstrat-
ed the benefit of high-field (1.5 T) vs. low-field (0.15) iMRI
regarding GTR; however, it did not affect PFS [11].
Bergsneider et al. [5] found no statistically significant differ-
ence in the EoR after retrospectively evaluating patients oper-
ated either with a 0.15 or 1.5 T iMRI. However, as evaluated
in a recent report, it can falsely demonstrate gadolinium (Gd)
enhancement and lead to low predictive value (64.3%) for
iMRI-guided tumor recognition and potentially to extended
resection of healthy tissue [16, 30]. Hatiboglu et al. demon-
strated an EoR of up to 96% with the help of iMRI in glioma
surgery [29], whereas Wirtz et al. showed that in 62% of
patients, 0.2 T iMRI was helpful in finding tumor remnants
after initial tumor resection [87]. A large, recently published
series of 170 glioblastomas operated with iMRI demonstrated
a significant impact of EoR to OS [13]. This study demon-
strates the importance of a multimodal approach. In this case,
the authors stressed the importance of performing neurophys-
iological monitoring whenever eloquent tissue was expected
during surgery.

To mention some limitations, iMRI is of high cost.
Furthermore, surgery and anesthesia time will be relevantly

@ Springer



Neurosurg Rev (2019) 42:197-208

200

%YL Suole VIV-§

IoJuoon W

i pue 9,¢/ SuiSewt ou YIm Y IO B/ %S6 %Yo %L PwWONS opeIS-ySIy (e/u) Sox SOA 4! ‘oAnoadsord  L10T e 39 [3IN
UONBUITIEX? [BI130]03STY
JI3)Je Jouwmn) [ENJOB SB POWLIFUOD 2I9M
359 JO 9% €49 AJUO ‘10AMOY] SO e %H'9€ Sdd Jpuow-9 I9)ua0-o[3urs
JUBUTIAI JOWN) JO 94,9°] 6 POIENSUOWAP NYINT  ‘SYUOW ¢€'GT SO ULIA %78 e %6 BUIOJSB[OI[D) (L ST°0) SOA SOX P1 ‘oanadsord 9107 [e 19 JesneH
«ApeaIe Y LO poadlyoe
dARY 0} JYINOY) U0STINS ) UAYM
‘Jown) [enprsal JedIpul 10U PIP 1OYI0
oY) AIYM 'S3seD A} JO (VIV-$)%1'1T
10 (TIIAY) %€°9T Ul ANSSH Jowny Ity
JO I03eOIpUI ATUO 9T} SEM SIT)I[EPOUT
9} JO JUO OB (SISBI A JO 9,9°¢S UL,
90U20S2ION]J Y TV-S 10J %001
pue (L pue [IAT 10} %001 pue G/ dlom
onssI) Jowny SUIUIBWAI J9939p 0} V'IV-S SYoIM €19 I9)UR0-0[3uIs
pue T Jo Aoy1oads pue ANIADISUSS  SAd “SHPoMm £'08 SO %L6  ®U e/ BLIOISBIQOID (L ST°0) 2A SOA [43 ‘oAnpadsold G107 e 10 19[SO
I0Ju00-9[3uIs
(wwre [onuod (sL=1)
Y Ul syiuouwr 4| (uonoasar oAnoadsonar
'SA) sypuowr 68 [eurSrewrexdns pue (0¢ = u)
110700 9A102dSONI Ul SO,J 10 [YINT ON  SWIT) [BATAINS UBIPJA] ‘0€ = ) %001 '/u '/ BUIOISB[QOI[D) (L ST) SR SOX S0T aAndadsord 910z Te 10 njSodnAg
(suor3ax
juonbo(d Jo AIUIdIA ) UT SIOWIN) I0F )
S1own) ope13-y3iy A1epuoods A|pagofe
Jo suonuod aper3-mo[ SuneuruosIp
10} Tnyd[oy Sem YA "90ud0saIon]}
pajensuowap )1 Juneoo| Ioye
UOIYM JUBULUAI JOUIN) SUIpUIj Ul Pa)sIsse I9)UR0-0[3uls
AN VTV UM UO10SAI [BNIUT 1YV, /U x%001  BU 9L [, ewol3 opeiS-ySiy (AR IESIN SOA LE ‘eAnoadsord 10z Te 10 njSodnig
punosenn aanerodoenur JUOWISSISSE
Keire reaur] pue TN 0) pareduwiod paseq-A3ojosiy
sSurpuyy [ed13ojoyiedolsiy 03 UONE[R1I00 19)u02-0[3uIs
JUBOYIUSIS B PAIMOYS V' IV-S AJUQ,, B/U BU  B/U B/u BUWIOISBIOI[D) (L ST SA SO €€ ‘aandadsord £10Z IR 190 108InqoD)
JUOWISSISSE
paxred-yoyewr
aAndadsonar
'sojer suonedrduioo M POUIqUIOD
10ySIY Jnoyim RYIAT pue VIV sdnoiS uoamiaq 10)ud0-0[3urs
SUTUIqUIOd UAYM YOF UI ASEAIOUT JURIYIUSIS 's'U= SO pue Sid %001 %T8 B/ BUIOISB[QOI[D) (L ST) SR SOX %3 ‘oanadsord G107 e 10 108mMqo)
JUQWISSSSE
(%09) TINT "$A (%16) VTV :U0no32p SUOIS paseq-A5ojoisty
Joumn 10§ A1og10ads £(9,99) TIIAT “SA JnejseloU 101U90-0[3uls
(%16) VTV :u0noajep Iown) 10§ ANADISUSS B/u Bue/u B/u 11 ‘DDH v¢ (L S'1) oA SOA Sy ‘oandadsord 107 Te 30 108mqo)
wpod RN VIV
TN syuoned
UOISN[OUOIUSWIO)) [BAIAING UM SOJBI UOI)OISAI [B10) SSOID) oadAy sowny, oanerodoenu] Yy JO 'ON odKy Apmig  TBOX Apms
SIIPNYS [LOIUI[O PAjen[eAq [ dqeL

pringer

Qs



201

Neurosurg Rev (2019) 42:197-208

.. 'sIop1oq [ed13o[orper
S)I PUOA0q UOISUIXD IO} Y}
JO UONEOLNUIPI SMO[[B YIIYM ‘SBWON[T
JueUSI[EW [EIUBIORIUT JO UOI)OSAT
PIpPINS-TYIAT Sulnp jounfpe [njosn

SI V'TV-S UM UONESIARU [BOTUSYI0INAN,,,
Juourroads
Tea13ojoyyedolsiy ayy ur ewor|S Jo 2oudsaid

10} (Add) onyea aanorpaid aanisod 9,76 sewor[3 I0JUQ0-9[IuIs
PeY 90UdISAION[J ANSST) PRINPUI-YTV-G,, e/ %TS e e/ opeis-ySig (L €0) S9A SOX L6 ‘oAndadsold G107 B 10 BpRWERA
sewr
sewor[3 -o113 opes3-ySiy I0JUQ0-Q[TuIs
ope13-mo] 2ANESoU VTV C1 PAPNIOU] 4 /U %Oy x%9S %SS pue -M0] (L S'D Sk SOA €€ ‘eAndadsoney  110T ‘Te 12 n3nsy,
(PN 'sA TIIAL
ou) syiuowr 9°( |
ZINL s Aderoypourayd,/-orper pue 6'/1
JUB)IWOIUOI JO UONONPONUI ‘SA stpuolt /, SAd (86 =
pue e10 SO 210J°q syuaned jo sdnoid puE syjuow §°¢ | - u) sewor[3 10JUQ0-9[IuIs
a8xeT *(110Z-£007) UosLedwod oLoISIH SO UeIpaN (Ss=u) sy  ©u e/ opeis-ySiH (L S1°0) S9A SOA 00t ‘oAnoadsonay G107 e 12 OpeydS
*[BLIOJORJTINUT 9q UL SOOUAIJIP pue
‘uosteduwoo ouoysIy e SISy (W 6')
A1o5ms JySi[-anym pue (W 6°7) VIV-§
10q UBY) 19MO[ Sem (W §°() TYINL 1Y® Ly =
QWINJOA [enpISAY VTV PaAIddar dnoid sdnoi3 usomiaq st - u) palihial i
TIIAT oy wt spuaned Jo juaotod om)-AUT], 9OUIJFIP [EONISTIEIS ON BU 9/ %9% BUIO)SB[QOI[D) LT = U) SOK SOX LT ‘aAndadsonoy 107 Te 10 10poy
«Tealans  syuoned Suojoid
0} UOTOISAI JOWN) [EOTPEI JSOUT SAJIYIE
0} 19pIO Ul TN Pue y'Tv-§ Jo djoy
pauIquiod 2 1pun paunioyrad oq pinoys sypuow 9°/,
K1931NS-21 ‘NGO JUALINDAI JO ISLD Y} A1981ns yeadar
ur Ing (0o} [ea13ins [njamod e s1 yIv-S,, Q0UIS ‘sypuowt §°/7 BUO)SB[qOI[S 1)U0-9[3uIs e 1R
“Juaned QU0 UT 99UOSAION]F JO AOUSSQY SO UBIPIN %001 '/u B/ Juormddy (I ST°0) SPA SOK L oanpadsord 9707 I[P
pod RN VIV
TN syuoned
UOISN[OUO0D/JUSWIIO)) [eAIAING [IIM SOJBI UOII0ISAI [8)0) SSOID) odAy zowny, oanerodoenu] YV JO 'ON odKy Apms  IBOX Apms

(ponumuoo) 1 J[qeL,

pringer

Qs



202

Neurosurg Rev (2019) 42:197-208

increased (~ 1 h), since a pause is required to perform and
evaluate images [23, 69]. Additionally, frequent application
of Gd during surgery will lead to extravasation into the resec-
tion cavity, making interpretation of imaging challenging
(Fig. 3) [1].

5-Aminolevulinic acid-induced fluorescence vs.
gadolinium contrast enhancement in MRI

How accurate is the relationship between PPIX fluorescence
and Gd contrast enhancement in MRI? In an early series of the
FGS era by Stummer et al. in the year of 2000, 17 from 52
patients did not demonstrate residual tumor in early postoper-
ative MRI (1.5 T), even though residual fluorescence
remained after resection due to the eloquence of these regions
[74]. Another study discussed the fact that PPIX fluorescence
is, based on histopathological assessment, superior to Gd con-
trast enhancement in MRI with a significantly higher specific-
ity and sensitivity for glioma tumor detection [9]. This indi-
cates that fluorescent tissue, i.e., malignant tumor tissue, goes
beyond the Gd uptake demonstrated in MRI [2, 10, 58, 67]. In
this context, one group discussed the fact that fluorescent tis-
sue volume doubles the size of contrast enhancement on MRI
[67]. Furthermore, Roessler et al. [58] demonstrated fluoro-
ethyl-positron emission tomography (FET-PET) hypermetab-
olism zone to be smaller than the fluorescent tissue, while
others state that PPIX fluorescence matches preoperative
FET-PET tracer uptake [71]. Corburger et al. noticed a higher
sensitivity for tumor detection at the margins of tumor infil-
tration with ALA compared to iMRI when simultaneously
using them (Table 1) [10]. Moreover, it has been shown that
malignant glioma infiltration can exceed Gd contrast enhance-
ment by 614 mm as demonstrated in a comparison of preop-
erative MRI and post mortem neuropathological assessment
[89]. Another group, Aldave et al. [2], concluded in a cohort of
50 patients that those without residual fluorescence and over-
all no residual Gd enhancement in early postoperative MRI
lived 10 months longer compared to those with residual fluo-
rescence. It must be mentioned that MRI might be limited by
the quantity of blood brain breakdown or tumor cluster size,
making PPIX fluorescence superior regarding diagnostic ac-
curacy [61].

Gd contrast enhancement in MRI will demonstrate pre-
dominantly blood brain barrier breakdown, which is a part

Fig. 2 Fluorescence-guided
surgery with ALA in a patient
harboring a glioblastoma
demonstrating the intraoperative
view of a glioblastoma under a
white-light microscopy and b
PPIX fluorescence with BLUE
400 filter (Zeiss, Oberkochen,
Germany)

@ Springer

of but might not demonstrate the complete tumor, whereas
ALA will be metabolized specifically by tumor cells and is
not completely correlated with blood brain barrier breakdown
[74]. This is an important principle that might help us under-
stand the differences between both tools. As mentioned above
and to indicate another limitation, ALA will demonstrate fluo-
rescence starting from a tumor cell density of 10%.

Concluding, the reviewed articles demonstrate important
synergies between both tools. However, evidence level for
simultaneously applying both tools is still low. iMRI alone
might not provide enough intraoperative tumor identification,
and it lacks the possibility of live guidance. Hence, it should
be evaluated in further studies.

Resection rates

If we know that available tools can improve the extent of
resection without harming eloquent tissue and enabling
state-of-the-art glioma resection, then why not use them as
they are available to us?

Gross total resection, as to date the main goal of glioma
surgery, is defined as no residual Gd contrast enhancement in
early postoperative MRI [44, 62]. Residual cells, at tumor
margin, appear to be of relevant importance for survival
[26]. Sanai et al. demonstrated a threshold of > 78% EoR to
have the highest impact on patients’ survival and recom-
mended to use this knowledge for surgical decision making,
e.g., in tumors where subtotal resection is planned due to
eloquence [63]. Up to now, level I evidence exists only for
FGS with ALA for improving EoR and OS in patients har-
boring malignant gliomas [75], whereas level Il evidence has
been provided for iIMRI [69]. In spite of the fact that the first
reported complete resection rates with ALA and FGS in the
randomized phase III trial of 65% are at present considered
low, we have to remember that they were still twice as high as
when operating under white-light microscopy [75] and all
series with data on resection rates, especially if single-
armed and retrospective, will depend very strongly on case
selection and the respective surgeon. So far, new technolog-
ical advantages, i.e., neuronavigation, mapping and monitor-
ing, and intraoperative ultrasound, have been developed and
are frequently available, helping increase complete resection
rates [81]. Recent studies of patients operated with FGS and
ALA reportaresection rate close to 90% when mapping and
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Fig. 3 Pre-, intra-, and postoperative MRI of a patient harboring a high-
grade glioma. a Pre-, b intra-, and ¢, d postoperative contrast-enhanced
T1-weighted MRI of a patient harboring a glioblastoma. ¢ demonstrates
the subtraction imaging after Gd application. Postoperative MRI was
performed within 48 h after surgery. Intraoperative imaging with iMRI,
which demonstrated what appears to be a remnant rostral of the tumor

monitoring techniques are applied (Table 2) [15, 17, 66, 68,
73], shifting the reason for incomplete resections to be elo-
quence of the region rather than unawareness of the presence
ofthe malignanttissue. In arecent report, ALA-induced fluo-
rescence demonstrated a positive predictive value of over
95% [27].

Supra-marginal resection is being discussed as potentially
feasible for malignant gliomas [42], predominantly in the
context of low-grade gliomas [18, 90]. Thus, Eyiipoglu
et al. evaluated a prospective supra-marginally resected col-
lective of 30 patients with glioblastoma operated with both
FGS with ALA and iMRI and performed a historic compar-
ison to a retrospectively analyzed cohort (n = 75) operated

cavity, was, moreover, revealed as Gd-leakage. Biopsy of this region
demonstrated no tumor tissue, and Gd-enhanced postoperative MRI and
subtraction imaging did not confirm tumor residual (¢, d) (Courtesy of Dr.
Ricardo Diez-Valle, Department of Neurosurgery, Clinica Universidad de
Navarra, Navarre, Spain)

with neuronavigation (Table 1) [22]. The authors found a
significant extension of median overall survival (18.5 vs.
14 months) in the prospective arm. Nevertheless, they in-
cluded patients in the control arm before important develop-
ments became standard, such as adjuvant temozolomide
treatment concomitant to radiotherapy [80]. Therefore, such
improvements may have multifactorial etiology. The same
authors recognized the advantage of iMRI in cases where
initially, FGS was performed, and in absence of obvious fluo-
rescence iMRI indicated tumor remnants that led again to
finding fluorescent tissue which was first overlooked; for
instance, being hidden in parts of the cavity that were not
casily accessed (Table 1).

Table 2  Articles simultaneously researching iMRI and FGS with ALA in glioma surgery

Study Stummer et al. Stummer et al. Diez Valle et al. Schucht et al. Della Puppa etal. ~ Schucht et al.
Year 2000 2006 2011 2012 2013 2014
No. of patients 50 135 36 103 25 67
Study design Prospective, Prospective, Prospective, Prospective, Prospective, Prospective,
single-center multicenter single-center single-center single-center single-center
two-arm
randomized

Eloquent region

Monitoring and

mapping
Resection rate

Eloquent and
non-eloquent

No

65%

Eloquent and
non-eloquent

No

65%

Eloquent and
non-eloquent

Yes

83.3%

Eloquent and Eloquent and Solely eloquent
non-eloquent non-eloquent (motor)

Yes Yes Yes

96% 80% 76%
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Low-grade gliomas

Present evidence indicates that the extent of resection in low-
grade gliomas will reduce the risk of recurrence and increase
overall survival [8, 18].

We are now well aware that fairly 20% of non-enhancing
low- and high-grade tumors will demonstrate PPIX fluores-
cence when applied [21, 35, 52, 71, 73, 85, 86]. Furthermore,
in 44-55% of cases where lesions in the preoperative MRI are
suggestive of low-grade glioma, an anaplastic focus could still
be discovered [39, 71]. Our group evaluated preoperative fac-
tors for predicting fluorescence in gliomas. We concluded that
age, tumor, volume, and BE_FET-PET uptake ratio > 1.85 are
significant factors for predicting fluorescence [35].

However, due to the high number of non-fluorescing
low-grade gliomas, relying on ALA alone for GTR will
not meet the expectations of the surgeon. For these cases,
iMRI is a helpful tool to achieve maximal surgical outcome
[83]. Also, for low-grade portions of high-grade gliomas or
satellite lesions, iMRI can help discover these elements to
achieve GTR. In contrast, Senft et al. reported not having
achieved GTR in a large portion of low-grade glioma using
a low-field iMRI that has a low anatomical resolution [70].
Nevertheless, Hirschl et al. [33] found low-field iMRI to be
feasible for detecting residual low-grade glioma (sensitivity
82%, specificity 95%). Thus, studies applying high-field
iMRI report much higher resection rates for non-
fluorescing and enhancing gliomas [29, 83], which is prob-
ably more suitable for low-grade glioma surgery. However,
data regarding the impact of OS associated with EoR in low-
grade gliomas remains scarce.

For centers without iMRI, the combination of intraopera-
tive ultrasonography, together with adequate mapping and
monitoring techniques and neuronavigation, can be a reliable
combination for safe resections while attempting maximal
radicality [12, 19, 84]. ALA is to date not recommended to
be of standard use in low-grade glioma surgery.

Cost-effectiveness

Since how we evaluate treatments is changing over time, i.e.,
from a more economically focused volume-based health care
to an outcome- and value-driven healthcare delivery, cost-
effectiveness analyses are becoming more and more impor-
tant. Outcome is now often being measured in quality-
adjusted life years (QALYs), and together with costs, ratios
are being built, in order to evaluate the costs of healthcare
delivery and facilitate decision-making when implementing
new interventions. For this purpose, quality indicators are
emerging in each medical field to help define treatments’ out-
come [65]. Because of the novelty of this transition, scientific
data remains to date scarce. A study evaluating effectiveness
and cost-effectiveness from different intraoperative imaging
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modalities, i.e., FGS (ALA and fluorescein), ultrasound and
iMRI, was recently published [19]. The authors calculated a
cost-effectiveness ratio of $1784 for FGS with ALA vs. $3625
for iMRI. Additional cost per QALY gained amounted
$16,218 for FGS with ALA and $32,955 for iMRI. Despite
the authors basing some of their calculations on older articles,
it is an important evaluation on which future studies can build
upon. For instance, in the UK, the National Health Service
(NHS) will in general fund treatments between £20,000 and
£30,000 per QALY gained. Hence, interventions costing less
than £20,000 are cost-effective. In the same manner,
willingness-to-pay threshold can be up to $50,000 for malig-
nant glioma, as it has been calculated in the USA [56].
According to Eljamel et al., iMRI is more expensive than
ALA, yet it is below the quite high willingness-to-pay thresh-
old. Furthermore, Esteves et al. performed a pilot cost-
effectiveness analysis with a Markov model in the
Portuguese healthcare system of FGS with ALA vs. conven-
tional white-light surgery. The authors calculated the cost per
QALY gained with FGS and ALA to be around €9100.
Nevertheless, costs depend on the country and healthcare sys-
tem. It is important to obtain more data on cost-effectiveness
in order to support neurosurgeons in decision-making toward
establishing new interventions, tools, drugs, or procedures.
Consequently, further studies are needed. From the available
data, iMRI was only stated to be cost-effective in the USA; for
other countries, the high costs per QALY are over the willing-
ness-to-pay-threshold.

Present era in the surgical treatment of gliomas

Why spend effort in trying to demonstrate that one tool is
better than the other, instead of trying to find synergism be-
tween them? As stated above, it is known that the extent of
resection maximizes not only progression-free survival but
also overall survival [7, 32, 41, 44, 45, 53, 54, 62].
Consequently, as neurosurgeons, we should use all available
tools to increase the impact of our surgery [4]. A multimodal
approach, however, is difficult to evaluate. In such setting, it is
a challenge to dissect the independent individual clinical value
of each tool applied. Only a few of the available articles per-
formed multivariate analyses tackling this problem [3].
Another important fact is that the available series often includ-
ed retrospective analyses of patients treated before the com-
bined radio-/chemotherapy with temozolomide was intro-
duced as an adjuvant treatment for glioblastoma, as described
by Stupp et al. [80], which significantly increased PFS and
OS. Other authors have already recognized this problem and
are offering more recent data in the new era of glioma treat-
ment [13].

Despite access to the discussed tools, neurosurgeons will
still require a profound understanding of neuroanatomy and
function localization with mapping and monitoring
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techniques. Resection is limited by eloquent regions, as in
regions with motor and language functions, and function pres-
ervation should be prioritized against radical tumor removal to
keep patients’ quality of life and independence as high as
possible [50]. By cortical and subcortical stimulations, the
surgeon can identify functional pathways that should be
avoided during surgery [84]. Intraoperative neurophysiologic
monitoring (IOM) consists of “mapping,” with the surgeon
identifying and defining language and sensory and motor
areas with the aid of cortex stimulation during surgery, and
“monitoring”, defined by the continuous assessment of the
functional integrity of neural pathways [59, 60]. Different
types of evoked potentials can be assessed, i.e., motor-
evoked potentials, somatosensory-evoked potentials and,
more rarely, visual-evoked potentials [59].

In a prospective trial, Kombos and colleagues evaluated
both tumors in non-eloquent areas without IOM and tumors
within or next to eloquent areas with IOM and found no sig-
nificant difference in EoR without jeopardizing neurological
outcome. This important finding suggests that equally aggres-
sive surgical removals of eloquent tumors are warranted under
the right settings [36].

The undisputed advantage of 5-aminolevulinic acid and
fluorescence-guided surgery is the real-time information
provided during the actual surgery. Nevertheless, efforts
should be woven into finding synergism between these
tools. Hence, both methods can complementarily improve
the extent of resection in malignant gliomas [25]. Resources
should be used as available, since all of them, to a certain
level, increase patients’ safety while maximizing tumor re-
section [4, 24, 40].

Summary

ALA-induced fluorescence goes beyond the borders of Gd
contrast enhancement. For identifying tumor tissue, present
evidence suggests FGS with ALA to be superior for intraop-
erative tumor identification and iMRI should only be used in
combination with FGS in HGG. On the other hand, iMRI can
help overcome FGS weakness regarding depth and tumor re-
sidual due to limited view of the tumor tissue, i.e., after too
small craniotomies. The combination of a 2-D imaging sur-
face tool, as it is with FGS with ALA, together with the infor-
mation of intraoperative 3-D imaging, as it is with iMRI, can
help achieve high rates of GTR. For LGG, iMRI could be
relevant to increase EoR, since FGS with ALA is not useful
in most cases. However, iMRI is an expensive adjunct and is
not everywhere available. For these centers, we believe that
FGS together with mapping and monitoring techniques,
neuronavigation, and, when needed, intraoperative ultrasound
provides an excellent setting for achieving state-of-the-art
GTR of malignant gliomas.
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