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Abstract. Magnetic resonance imaging (MRI) with a gado-
linium-based contrast agent is the gold standard for high-grade
gliomas (HGGs). The compound 5-aminolevulinic acid
(5-ALA) undergoes a high rate of cellular uptake, particularly
in cancer cells. In addition, fluorescence-guided resection with
5-ALA is widely used for imaging HGGs. 5-ALA is water
soluble, while protoporphyrin IX (PpIX) is water insoluble.
It was speculated whether converting from 5-ALA to PpIX
may relatively increase intracellular water content, and conse-
quently, might enhance the T2 signal intensity in HGG. The
aim of the present study was to assess whether 5-ALA-induced
PpIX enhances the T2 signal intensity in patients with HGGs.
A total of 4 patients who were candidates for HGG surgical
treatment were prospectively analyzed with preoperative
MRI. Patients received oral doses of 5-ALA (20 mg/kg) 3 h
prior to anesthesia. At 2.5 h post-5-ALA administration,
T2-weighted images (T2W1Is) were obtained from all patients.
Subsequently, tumors were evaluated via fluorescence using
a modified operating microscope. Fluorescent tumor tissues
were obtained to analyze the accumulation of 5-ALA-induced
PpIX within the tumors, which was confirmed quantitatively
by high-performance liquid chromatography (HPLC) analysis.
The MRI T2 signal intensity within the tumors was evaluated
prior to and following 5-ALA administration. Three glioblas-
toma multiformes (GBMs) and 1 anaplastic oligodendroglioma
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(AO) were included in the analysis. Intraoperatively, all GBMs
exhibited strong fluorescence of 5-ALA-induced PpIX, whilst
no fluorescence was observed in the AO sample. HPLC anal-
ysis indicated a higher accumulation of 5-ALA-induced PpIX
in the GBM samples compared with the AO sample. In total,
48 regions of interest were identified within the tumors from
T2-WIs. In the GBM group, the relative T2 signal intensity
value within the tumors following 5-ALA administration was
significantly increased compared with the T2 signal inten-
sity value prior to 5-ALA administration (1.537+0.021 and
1.577+0.023, respectively; P=0.0055). No significant differ-
ences were observed in the AO group. These results suggest
that the 5-ALA-induced PpIX enhanced the T2 signal intensity
in HGG. Therefore, 5-ALA may be a potentially useful MRI
contrast reagent for HGG.

Introduction

High-grade gliomas (HGGs), such as glioblastoma multiforme
(GBM), are highly aggressive primary brain tumors and
locally invasive into surrounding normal brain tissues (1).
For the multimodal treatment of GBM, cytoreductive surgery
is essential (4). The extent of tumor resection [starting from
78% and increasing to nearly 100% of gadolinium-based
contrast-enhanced tumor volume on magnetic resonance
imaging (MRI)] improves the overall survival of patients with
GBM (5). Subsequently, post-operative adjuvant radiotherapy
is required for managing invaded residual tumors in HGGs (6).
However, despite the availability of multimodal treatment
like surgery and radiochemotherapy, the mean survival of
patients with GBM remains at only 12-14 months (2,3), and the
recurrence rate of GBM is nearly 100% (1). Therefore, novel
treatment concepts for HGGs are necessary. Conventional MRI,
including contrast-enhanced T1-weighted imaging (CE-T1WI),
is the gold standard to evaluate tumor extension, post-operative
residual tumors and treatment responses after chemo-radiation
for HGGs (7). Contrast enhancement is able to identify vital
tumor tissue due to gadolinium-based contrast agent (GBCA)
leakage. This is a result of the abnormal permeability of
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the blood-brain barrier (BBB) caused by an abundance of
dysfunctional tumor vessels in HGGs (8,9). However, a highly
infiltrative HGG tumor burden is not consistently associated
with abnormal BBB permeability (10). Previous pathological
studies have revealed that glioma cells can infiltrate the brain
parenchyma far beyond the contrast-enhanced lesions (9,11).
Thus, conventional radiological investigations using GBCA
may significantly underestimate the extent of HGG tumor
growth, particularly in cases of highly infiltrative HGGs (9). In
addition, GBCA administration in patients with renal dysfunc-
tion is limited in order to avoid the development of nephrogenic
systemic fibrosis (12). Novel candidate MRI contrast reagents
have not yet been identified as alternatives to GBCA.

5-aminolevulinic acid (5-ALA) is a natural biochemical
precursor of heme (13). In cancer cells, 5-ALA is metabo-
lized into protoporphyrin IX (PpIX), which functions as a
photosensitizer, following systemic administration (14-16).
Specifically, 5-ALA induces a high accumulation of PpIX
in glioma cells (17). Therefore, fluorescence-guided resec-
tion using 5-ALA in HGG treatment has been useful in
determining tumor borders, making tumor resection easier
compared with conventional microsurgery (18). 5-ALA is
water soluble, while PpIX is water insoluble (19). It has been
speculated that converting 5-ALA to PpIX within glioma cells
may increase the intracellular free water content, and conse-
quently induce an enhancement of the T2 signal intensity.
Therefore, in the present study, a prospective assessment of the
effect of 5-ALA-induced PpIX on MRI T2 signal intensity in
patients with HGGs was performed. In addition, the potency
of 5-ALA-induced PpIX as an enhancer of MRI T2 signal
intensity for HGGs is discussed.

Materials and methods

Study design. A prospective case study design was used, and
included eligible patients from September 2014 to February
2015 who gave written informed consent. All patients under-
went surgical treatment at the Department of Neurosurgery,
The Affiliated Hospital of the University of Occupational and
Environmental Health (Kitakyushu, Japan). The study was
approved by the institutional review board of the University
of Occupational and Environmental Health (approval no.
H26-075). The primary inclusion criteria were cases of
suspected HGG as determined by preoperative MRI, with
planned surgical resection, no contraindications for 5-ALA,
and informed patient consent. The exclusion criteria included
recurrent HGG, patient age of <20 years old and treatment
history for other brain tumors.

Study protocol. All MRIs were performed using a 3.0-T unit
(Signa Excite; GE Medical Systems, Milwaukee, Wisconsin)
with a dedicated 8-channel phased-array coil (GE Medical
Systems). All patients underwent brain MRI scans both prior
to and following 5-ALA administration.

Patients underwent the institution's standard brain MRI
protocol for HGG, including an axial T2WI, a TIWI and a
CE-TIWI. The following imaging parameters were used for
axial T2WI: a TR/TE of 4,000/85; a flip angle of 90°; a band-
width of 62.5 kHz; a section thickness of 3 mm; a matrix of
512x224; a field of view (FOV) of 18x18 cm; and an imaging
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time of 2 min 16 sec. For CE-TIWI, the following imaging
parameters were used following administration of the contrast
material. CE-TIWI (spin-echo) was acquired with a section
thickness of 3 mm; a FOV of 18 cm; a matrix of 224x224; an
imaging time of 2 min 40 sec; and 2 acquired excitations. A
three-dimensional fast spoiled gradient-echo (3D fast SPGR)
was acquired with the parameters of 10/4.1/700/7 min 20 sec
[repetition time (ms)/echo time (ms)/inversion time/imaging
time], a flip angle of 10°, a 24 cm FOV, a 512x256 matrix,
and 1.4 mm thick sections with a 2.5x2.5x8 mm resolution.
The 3D fast SPGR data were reconstructed in the sagittal
and coronal planes. For all patients, gadodiamide hydrate
(Omniscan; Daiichi Pharmaceutical, Tokyo, Japan) or gado-
pentetate dimeglumine (Magnevist; Bayer Schering-Pharma,
Berlin, Germany) was administered at a dose of 0.1 mmol/kg
via intravenous bolus injection. Conventional MRI scans were
obtained from all patients at a maximum of 8 days prior to
surgery.

5-ALA was prepared by dissolving the compound in 50 ml
of water (20 mg/kg), which was immediately administered
orally to each patient 3 h prior to anesthesia as previously
described (18). T2WIs were obtained ~2.5 h post-5-ALA
administration. Subsequently, patients immediately underwent
surgery, performed by two skilled neurosurgeons (Department
of Neurosurgery, University of Occupational and Environmental
Health). Patient registration in the neuronavigation system was
performed using automatic registration tools (BrainLab AG,
Feldkirchen, Germany) based on pre-operative CE-TIWIs. To
avoid photobleaching of 5-ALA-induced PpIX due to exposure
to the microscope's light, surgeons confirmed that the brain
tumors corresponded to CE lesions on the neuronavigation
system, and immediately evaluated the fluorescence of the
5-ALA-induced PpIX within the tumors. The 5-ALA fluores-
cence was graded as ‘none’, ‘vague’, or ‘strong’ as previously
described (20). ‘Strong’ fluorescence was characterized as
vivid red, while ‘vague’ fluorescence was defined as less vivid
pink. Intraoperatively, each patient was evaluated for their
fluorescence status (none, vague or strong) by two independent
observers. Fluorescent tumor specimens were obtained safely
and immediately snap-frozen in liquid nitrogen and stored at
-80°C for HPLC analysis. Simultaneously, tumor specimens
were also obtained for histopathology. No corticosteroids were
administered to any patients prior to obtaining tumor specimens.

HPLC analyses for 5-ALA-induced PplX in tumor specimens.
Accumulation of 5-ALA-induced PpIX in HGGs was
confirmed using HPLC analyses. Using a previously described
HPLC analysis method with porphyrin metabolites (21), tumor
specimens (1 mm in diameter) were treated with 200 ul of
0.1 M NaOH and homogenized on ice with a PowerMaster
II (Array Solutions, Sunnyvale, TX, USA). Tumor specimens
consisted of at least 2 samples from each patient. Aliquots
(10 pl) of NaOH-treated samples were transferred to a protein
concentration assay (Quick Start™ Bradford Dye Reagent,
Bio-Rad Laboratories, Inc., Hercules, CA, USA), while the
remaining 50 ul was denatured by the addition of N,N-dimeth-
ylformamide: Isopropanol (100:1, v/v) solution added at 3X the
sample volume (150 pl). Following overnight storage in the
dark, the prepared samples were subjected to HPLC analysis as
previously described (13,22) with the following modifications.
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Briefly, the porphyrins were separated using the Prominence
HPLC system (Shimadzu, Kyoto, Japan), which was equipped
with a reversed-phase C18 column, SG300, 5 ym, 4.6x250 mm,;
(CAPCELL PAK, Shiseido, Tokyo, Japan) and maintained at
40°C. The elution solvents were solvent A (I M ammonium
acetate, including 12.5% acetonitrile, pH 5.2) and solvent
B (50 mM ammonium acetate, including 80% acetonitrile,
pH 5.2). The elution was first performed with solvent A for
5 min and subsequently with a linear gradient of solvent B
(0-100%) for 25 min, followed by an elution with solvent B for
10 min. The elution flow was maintained at a constant rate by
using a fluorospectrometer (excitation at 404 nm, detection at
624 nm). The porphyrin concentrations in the samples were
estimated using calibration curves obtained with standard
porphyrins.

Image analysis. It was hypothesized that 5-ALA-induced
PpIX would induce changes in the T2 signal intensity in
HGGs as 5-ALA is water soluble, while PpIX is water
insoluble (19). Therefore, an experienced neuroradiologist was
blinded to the clinical information (the intraoperative findings
of the 5-ALA-induced PpIX fluorescence and pathological
diagnosis). The neuroradiologist reviewed the T2WI pre- and
post-5-ALA administration in each patient. According to the
CE lesion on the CE-TIWI (which was defined as a tumor)
obtained prior to 5-ALA administration, an axial slice with a
maximum amount of tumor was defined as the standard slice.
Three slices, which included the standard slice and adjacent
slices above and below the standard slice, were used for the
axial T2WI evaluations. Similar to previous studies (23-25),
the regions of interest (ROI) for the signal intensity analyses
were drawn directly on the T2WI. Briefly, all images,
including the T2WI and the CE-TIWI prior to and following
5-ALA administration, were displayed on a diagnostic monitor
(Flexscan L365; Eizo Nanao Corporation, Ishikawa, Japan)
simultaneously. All ROIs were an arbitrarily chosen, uniform
shape and size (elliptical, 50 mm?). The ROIs were identified
within tumors on the T2WI, and corresponded to the CE lesion
on the CE-TIWI in 4 spots in each slice. Therefore, a total of
12 ROIs were assessed in each patient pre- and post-5-ALA
administration. The ROI placement avoided areas of necrosis,
hemorrhage, calcification, and engorged vessels, in accordance
with other sequences of MRI and computed tomography
(CT) (23,25). ROIs were also placed within the normal white
matter of the contralateral brain region (the contralateral
cerebellar peduncle in the cerebellar glioma). To avoid scaling
problems on each MRI scan image, signal intensity ratios
were calculated for all images by using the following formula:
Signal intensity ratio = signal intensity of tumor / signal inten-
sity of normal white matter (23).

Histopathology. A pathologist from the University of
Occupational and Environmental Health performed the
subsequent histopathology. Tumor specimens for histological
assessment were obtained during surgery according to the
imaging results on the neuronavigation system and the 5-ALA
fluorescence, and were immediately fixed in 10% neutral
buffered formalin for 24 h at room temperature. Then, tumor
specimens embedded in paraffin were cut systematically at
4 pm thickness using a sliding microtome (Leica SM2010R;
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Leica Microsystems, Wetzler, Germany) for staining with
hematoxylin and eosin, followed by immunohistochemistry.
All immunohistochemical stainings were carried out using
Dako Envision kit (Dako, Glostrup, Denmark) according to
the manufacturer's protocol, and using the following commer-
cially available antibodies: Anti-glial fibrillary acidic protein
(dilution, 1:500; #Z0344; Dako), Anti-Oligo2 (dilution, 1:20;
#18953; Immuno-Biological Laboratories Co., Ltd., Fujioka,
Japan), anti-S100 (dilution, 1:300; #Z0311; Dako), anti-IDH1
R132H (dilution, 1:20; #DIA-H09; Dianova GmbH, Hamburg,
Germany), anti-p53 (dilution, 1:50; #M7001; Dako) and
anti-Ki-67 (dilution, 1:150; #M7240; Dako). The slides were
incubated with the primary antibodies for 30 min at room
temperature. HGGs were classified neuropathologically
according to the World Health Organization classification of
tumors of the central nervous system (26).

Statistical analysis. Statistical analyses were performed
using StatView 5.0 (SAS Institute Inc., Cary, North Carolina).
T2 signal intensity was compared prior to and following
5-ALA administration using a paired 7-test Accumulation of
5-ALA-induced PpIX was analyzed with an unpaired #-test.
The data are presented as the mean =+ standard error. P<0.01
was considered to indicate a statistically significant difference.

Results

Patient characteristics. Surgery was performed on 9 patients
with suspected HGGs, which were identified from preop-
erative MRIs from September 2014 to February 2015. Of
these, 5 patients (recurrent cases, n=4; child case, n=1) were
excluded according to the exclusion criteria. Therefore,
4 patients (3 male, 1 female; mean age, 60+18.1 years) were
included in this study. Patient demographics are summarized
in Table I. A total of 3 patients were pathologically diagnosed
with glioblastoma multiforme (GBM) and 1 with anaplastic
oligodendroglioma (AO). The tumors were located in the right
frontal lobe in 2 GBM cases, the right cerebellar hemisphere
in 1 GBM case and the right cingulate gyrus in the AO case.
The CE-T1WI exhibited a heterogeneous and irregularly thick
margin in patients with GBM, and focally enhanced heteroge-
neity in the patient with AO. The mean duration of the MRI
examination (from initial MRI to surgery and post-5-ALA
administration MRI) was 4 days.

Intraoperative observations and 5-ALA-induced PplX
accumulation. The intraoperative findings for the 5-ALA
fluorescence were ‘strong’ in all 3 GBM cases and ‘none’ in
the AO case. The quantitative HPLC analysis demonstrated
that the amount of 5-ALA-induced PpIX in tumors of
‘strong’/GBM group was 113.1+32.6 pmol/mg of protein. The
5-ALA-induced PpIX was not detected in the tumor of the
‘none’/AO group (<0.1 pmol/mg). The former group tended to
produce higher 5-ALA-induced PpIX values than the latter,
although no statistically significant differences were identified
(P=0.2927).

Evaluation of T2 signal intensity prior to and following
5-ALA administration. In total, 48 within-tumor ROIs were
obtained from the T2WTI prior to and following 5-ALA
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Table I. Clinical characteristics of high-grade gliomas.
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PpIX
Duration from accumulation
Age, Pathological MRI findings initial MRI  intraoperative
Case years Gender diagnosis Tumor location (CE-T1WI) to surgery findings
1 61 M GBM Right frontal lobe Irregular, enhanced thick margin 5 days Strong
2 63 F GBM Right frontal lobe Wholly enhanced, heterogeneous 1 days Strong
3 36 M AO Right cingulate gyrus Focally enhanced, heterogeneous 8 days None
4 80 M GBM Right cerebellar Irregular, enhanced thick margin 2 days Strong
hemisphere

GBM, glioblastoma multiforme; AO, anaplastic oligodendroglioma; MRI, magnetic resonance imaging; CE-T1WI, contrast enhanced T1

weighted imaging; PpIX, protoporphyrin IX.

administration. In the ‘strong’ group, the relative value of the
T2 signal intensity within the tumors post-5-ALA administra-
tion was significantly higher than the signal intensity value
prior to 5-ALA administration (1.537+0.021 and 1.577+0.023,
respectively; P=0.0055). By contrast, the value of the T2
signal intensity in the ‘none’ group did not differ signifi-
cantly between tumors obtained prior to or following 5-ALA
administration (1.551+0.039 and 1.572+0.040 respectively;
P=0.1281) (Table II).

Representative cases. A 61-year-old healthy male presented
with left hemiparesis and cerebral cortical dysfunction (case 1).
MRI revealed an irregular, enhanced mass with peritumoral
brain edema in the right frontal lobe (Fig. 1A and B). The
patient underwent surgery 5 days later. The T2WI post-5-ALA
administration and prior to surgery exhibited a slightly higher
signal within the tumor compared with the T2WI prior to
5-ALA administration (initial MRI) (Fig. 1C). Intraoperative
findings demonstrated a ‘strong’ 5-ALA fluorescence within the
tumor (Fig. 1D and E). Histopathological examination identified
hypercellularity, marked nuclear atypia and prominent vascular
proliferation consistent with GBM (Fig. 1F).

A 63-year-old woman presented with lefthemiparesis (case 2).
An MRI scan revealed a heterogeneously enhanced mass in the
right frontal lobe with peritumoral brain edema (Fig. 2A and
B). The patient underwent surgery the following day. Prior to
surgery, the T2WTI following 5-ALA administration exhibited a
slightly increased T2 signal within the tumor compared with the
T2WI prior to 5-ALA administration (Fig. 2C). Intraoperative
findings demonstrated a ‘strong’ 5-ALA fluorescence within
the tumor (Fig. 2D and E). Histopathological examination
confirmed the diagnosis of GBM (Fig. 2F).

Discussion

The present study demonstrated that 5-ALA-induced PpIX
enhanced the T2 signal intensity in HGGs. In particular, GBM
with a high accumulation of PpIX had an increased T2 signal
intensity within the tumors compared with AO, which had a low
accumulation of PpIX. To the best of our knowledge, the present
study is the first to assess the effects of 5-ALA-induced PpIX
on MRI signaling, in particular in T2WTI in clinical HGG cases.

Table II. Changes in T2 signal intensity before and after 5-ALA
administration.

Relative signal
intensity value (T2)

PpIX fluorescence 5-ALA Mean + SE P-value

Strong (n=36) Pre 1.537+0.021 0.0055
Post 1.577+0.023

None (n=12) Pre 1.551+0.039 0.1281
Post 1.572+0.040

PpIX, porphyrin IX; 5-ALA, 5 aminolevulinic acid.

Several studies have demonstrated that pre-treatment
CE-TIWI tumor volume, early CE-TIWI tumor volume
changes, the treatment response criteria and residual CE-TIWI
volumes in the early follow up MRI scans may serve as predic-
tors for both progression free survival and overall survival
in HGGs (27-30). Bevacizumab is a well-known vascular
endothelial growth factor inhibitor, which functions as a
powerful corticosteroid to decrease the permeability of the
BBB in HGGs (31). Bevacizumab is able to induce an initially
high radiographic response rate, with a profound reduction in
GBCA enhancement in MRI scans obtained as soon as 24 h
after the first bevacizumab dose in HGG cases (27). However,
this rapid decrease in the degree of contrast enhancement may
not represent the true changes in the cellular burden or tumor
biology (32). Therefore, certain studies have attempted to
predict the bevacizumab response in HGGs using subtraction
maps of CE-TIWI, or modified relative cerebral blood volume
imaging based on GBCA administration (32,33). Metabolic
imaging using positron emission tomography (PET) amino
acid radiolabeled tracers may overcome certain disadvantages
of MRI, as the uptake of an amino acid tracer occurs primarily
independently of the regional tumor perfusion and BBB
permeability. Therefore, this technique may more accurately
estimate the tumor size and extension of the metabolically
active tumor (34-37). However, the spatial resolution of PET
images is extremely low compared with MRI. In addition, the
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Figure 1. Glioblastoma in a 61-year-old male patient (case 1). (A) The axial contrast enhanced-T1 reveals an irregular, enhanced mass with peritumoral brain
edema in the right frontal lobe. A magnified axial view of the T2-weighted image in (B) prior to (C) and following 5-ALA administration. The solid component
of the tumors demonstrated a slight enhancement in the T2 signal following 5-ALA administration (arrows in C). Intraoperative findings of the surface of the
right frontal lobe under (D) white and (E) violet-blue light. 5-ALA tumor fluorescence was strongly observed though the thinning brain cortex, which covered
the tumor. (F) Histopathological findings included hypercellularity, marked nuclear atypia and prominent vascular proliferation consistent with glioblastoma
multiforme. Staining, hematoxylin and eosin; scale bar, 400 gm. 5-ALA, 5 aminolevulinic acid.

Figure 2. Glioblastoma in a 63-year-old female patient (case 2). (A) Axial contrast enhanced-T1 reveals a heterogeneously enhanced mass in the right frontal
lobe with peritumoral brain edema. A magnified axial view of the T2WI (B) prior to and (C) following 5-ALA administration. The solid component of
the tumors demonstrated slight enhancement of the T2 signal following 5-ALA administration (arrows in C). Intraoperative findings of the surface of the
right frontal lobe under (D) white and (E) violet-blue light. 5-ALA tumor fluorescence was strongly observed though the thinning brain cortex, which
covered the tumor. (F) Histopathological findings were consistent with glioblastoma multiforme. Staining, hematoxylin and eosin; scale bar, 400 ym. 5-ALA,
5 aminolevulinic acid.

general use of the PET system is also low compared with MRI
due to equipment location and the handling of radiolabeled
reagents. Therefore, metabolic imaging with high spatial reso-
lution, such as MRI, is required for HGG management. In the
present study, it was demonstrated that high accumulation of
5-ALA-induced PpIX within tumor cells consequently lead to
T2 signal intensity enhancement within HGGs; conventional
MRI could observe these phenomena. These results suggest
that it is possible to use 5-ALA clinically in the metabolic
imaging of HGGs using MRI.

A number of previous studies have reported that the
normal BBB is impermeable to 5-ALA (38,39), while others
have reported that 5-ALA is able to cross the normal BBB to
a certain degree at high blood concentrations (40-42). Thus,
in the case of HGGs, the BBB breakdown within tumors
is considered to serve a permissive role in the uptake and
processing of 5-ALA-induced PpIX (43). However, 5-ALA
does not perform as well as GBCA in HGG cases. A previous
study demonstrated that 5-ALA-induced PpIX fluorescence
had a higher diagnostic accuracy compared with GBCA in
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a murine model of infiltrative human glioma (44). Moreover,
another prospective study reported that 5-ALA-induced
PpIX was superior to GBCA-enhanced intraoperative MRI
with regards to its sensitivity and specificity in patients with
HGG (8). In addition, 5-ALA-induced PpIX fluorescence was
observed in recurrent GBM without contrast enhancement of
GBCA following bevacizumab treatment (45). Considering its
increased vascular permeability, increased cellular metabo-
lism and a modified tumor microenvironment, 5-ALA-induced
PpIX may depict dispersed infiltrative glioma cells more accu-
rately compared with GBCA (46).

The mechanism underlying the enhancement of the T2
signal intensity by 5-ALA-induced PpIX remains unclear. Only
one study has attempted to depict experimental gliomas using
5-ALA with MRI in vivo (47). This study demonstrated the
complete excretion of 5-ALA-induced PpIX and an increase
in intracellular iron 24 h after 5-ALA administration, and
subsequently, a decrease of T2* signal intensity, which is used
to depict paramagnetic deoxyhemoglobin, methemoglobin or
hemosiderin on MRI (48), in brain tumors (37). Histological
evaluation revealed multifocal iron deposits within the tumor
adjacent to normal brain tissue in mice 24 h after 5-ALA treat-
ment (37). 5-ALA does not only accumulate as PpIX in cancer.
Recent studies have reported that 5-ALA induced the restora-
tion of oxidative phosphorylation, the suppression of glycolysis,
the disruption of the Warburg effect in cancer cells, and the
induction of tumor cytotoxic macrophages to the surface of
subcutaneous experimental gliomas following 5-ALA adminis-
tration (21,49). These phenomena may affect iron metabolism in
glioma cells 24 h after 5-ALA administration, and consequently
the T2* signal intensity may decrease. In the present study, the
T2 signal intensity in HGGs was increased ~3 h after 5-ALA
administration. A high accumulation of 5-ALA-induced PpIX
in the tumors was also quantified using HPLC analysis during
this period. Therefore, it may be speculated that 5-ALA-induced
PpIX is important in the enhancement of T2 signal intensity
within tumors. Possible mechanisms underlying PpIX-induced
enhancement of T2 signal intensity are as follows. Firstly,
relative increase of intracellular content by water insoluble,
5-ALA-induced PpIX may affect enhancement of T2 signal in
HGG. Secondly, PpIX is well known for its diamagnetism (50).
Thus, accumulated PpIX within the tumor may induce an
increase in T2 signal intensity, as well as oxyhemoglobin (51).
The present study examined the T2WI of patients following
5-ALA administration only due to the psychophysiological
stress that occurs prior to surgery. Therefore, future studies
should consider other MRI sequences including TIWI, diffusion
imaging, T2*, and intraoperative MRI under general anesthesia.

The current study has several limitations. Firstly, ROIs in
T2WIs were obtained from only 4 patients. Thus, future studies
should consider the use of a larger sample size. Secondly, the
duration of the MRI examination prior to and following admin-
istration of 5-ALA was 1 to 8 days. Therefore, the possibility
that there was an increase of intratumoral edema that developed
during these periods, and affected the enhancement of the T2
signal intensity cannot be excluded. Thus, the duration of the
MRI examination should be shortened.

In conclusion, previous studies have focused on the enhance-
ment of the T1 signal intensity using metal-based contrast
reagents, including GBCA, in HGG MRI. The present study
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supports the possibility of using 5-ALA-induced PpIX as a
contrast reagent for the enhancement of the T2 signal intensity
in conventional MRI for HGGs. At present, the enhancement
effect of 5-ALA-induced PpIX is not sufficient for clinical
application. However, both the 5-ALA reagent and conven-
tional MRI systems have already been widely used for clinical
neurosurgery globally. Therefore, the application of 5-ALA as
an MRI contrast reagent is possible, whilst the development of
a specific MRI sequence for 5-ALA-induced PpIX is essential.
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