
Neuro-Oncology Advances
6(1), vdae175, 2024 | https://doi.org/10.1093/noajnl/vdae175 | Advance Access date 24 October 2024

1

Elisabeth Klint , Johan Richter, Peter Milos, Martin Hallbeck, and Karin Wårdell

All author affiliations are listed at the end of the article

Corresponding Author: Elisabeth Klint, MSc, Department of Biomedical Engineering, Linköping University, 58185 Linköping, Sweden 
(elisabeth.klint@liu.se).

Abstract 
Background.  Brain tumor needle biopsy interventions are inflicted with nondiagnostic or biased sampling in up 
to 25% and hemorrhage, including asymptomatic cases, in up to 60%. To identify diagnostic tissue and sites with 
increased microcirculation, intraoperative optical techniques have been suggested. The aim of this study was to 
investigate the clinical implications of in situ optical guidance in frameless navigated tumor biopsies.
Methods.  Real-time feedback on protoporphyrin IX (PpIX) fluorescence, microcirculation, and gray-whiteness was 
given before tissue sampling (272 positions) in 20 patients along 21 trajectories in total. The primary variables of 
investigation were fluorescence in relation to neuropathological findings and gadolinium (Gd) enhancement, in-
creased cerebral microcirculation in relation to bleeding incidence, number of trajectories, and impact on opera-
tion time.
Results.  PpIX fluorescence was detected in Glioblastoma IDH-wildtype CNS WHO grade 4 (n = 12), Primary dif-
fuse large B-cell lymphoma (n = 3), astrocytoma IDH-mutated CNS WHO grade 4 (n = 1) (Ki67 indices ≥ 15%). For 
2 patients, no PpIX fluorescence or Gd was found, although samples contained tumorous tissue (Ki67 index 6%). 
Increased microcirculation was found along 9 trajectories (34 sites), located in cortical, tumorous, or tentorium 
regions. Postoperative bleedings (n = 10, nine asymptomatic) were related to skull opening or tissue sampling. 
This study strengthens the proposed independence from intraoperative neuropathology as PpIX fluorescence is 
detected. Objective real-time feedback resulted in fewer trajectories compared to previous studies indicating re-
duced operation time.
Conclusions.  The integrated optical guidance system provides real-time feedback in situ, increasing certainty and 
precision of diagnostic tissue before sampling during frameless brain tumor biopsies.

Key Points

• In situ optical guidance increases certainty of diagnostic material during brain tumor 
needle biopsies.

• 5-ALA response enhances independence from intraoperative neuropathology.

• Multiparametric analysis suggests a Ki67 index threshold for fluorescence detection.

Brain tumor treatment relies on correct diagnosis posed 
by neuropathological analysis of representative tissue 
samples. Although needle biopsy procedures have a neg-
ative biopsy rate of approximately 5%,1 they are associ-
ated with nondiagnostic or biased sampling in up to 25% of 

interventions.2–5 Khatab et al. argue for a redefinition of the 
often-reported diagnostic yield to include certainty and preci-
sion of the diagnosis. Their redefinition aims to better address 
the number of biopsy cases where a definitive diagnosis in-
cluding tumor type and grade cannot be posed.6 In addition to 
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the redefinition, intraoperative techniques have been sug-
gested to increase the diagnostic yield.7,8

A well-documented technique indicative of high-grade 
tumor tissue is 5-aminolevulinic acid (5-ALA)-induced 
fluorescence4,5,9,10 often used during resection. Similar 
to fluorescence-guided resection (FGR), fluorescence 
feedback can be given for needle biopsies by placing the 
sampled tissue under a blue-light microscope.11,12 If fluo-
rescence is detected, studies suggest decreased depend-
ency on intraoperative neuropathology9 and shortened 
procedure time.10 However, the fluorescence feedback is 
given after the tissue has been sampled, thus, the risk of 
sampling nondiagnostic tissue is unchanged. An alterna-
tive method is to measure fluorescence in situ. Our group 
has previously developed a probe-based optical measure-
ment system for brain tumor biopsies allowing feedback 
on 5-ALA-induced fluorescence before tissue sampling.13

Needle biopsy procedures also come with the risk of 
hemorrhage,1,14,15 both as the needle is inserted toward the 
tumor, and during tissue sampling. Thus, identification of 
increased blood flow sites has been suggested.16,17 In the 
probe-based measurement system, an estimation of mi-
crocirculation and gray-whiteness of the tissue with laser 
Doppler flowmetry (LDF)18 was integrated. Previously, the 
system was evaluated in 20 patients undergoing frame-
based needle biopsies.19 Since then, system improvements 
have been made and the probe has been further inte-
grated into the clinical procedure by fitting the probe into 
the outer cannula of the biopsy needle, on which an aper-
ture was made at the tip. The aperture allows for forward- 
looking measurements of fluorescence, microcirculation, 
and gray-whiteness in untouched tissue as the needle is 
inserted. The integrated setup was introduced in a smaller 
patient cohort for frame-based20 and frameless21 naviga-
tion procedures, respectively. However, the investigational 
system and its clinical potential have not been evaluated in 
a larger cohort.

Therefore, the aim of this work was to investigate the 
clinical implications of optical guidance in frameless navi-
gated brain tumor needle biopsies. The primary variables of 
investigation were fluorescence in relation to neuropatho-
logical findings and MRI contrast enhancement, increased 
cerebral microcirculation in relation to bleeding incidence, 
and impact on operation time. First, in situ optical meas-
urements were recorded and displayed in real time during 
surgery. Second, postoperative multiparametric analysis 

was conducted where the optical data were combined with 
frameless neuronavigation data, postoperative imaging, 
and detailed neuropathological analysis through dig-
ital pathology. The work was conducted as a prospective, 
single-center study.

Methods

Patients

Twenty patients (68 ± 14 years, 7 females) were included 
in the study. The inclusion criteria were adults with sus-
pected high-grade glioma on preoperative MRI not eligible 
for resection. All patients were planned for needle biopsy 
at Linköping University Hospital. Tumors were located in 
the frontal, fronto-temporal, temporal, and fronto-parieto-
occipital regions.

The study was approved by the Swedish Ethical Review 
Authority (EPM2020-01404). Each patient gave written in-
formed consent before inclusion.

An oral dose of 5-ALA (Gliolan®, 20 mg/kg [18.5 ± 1.5 
mg/kg], Medac GmbH, Germany) was given to each patient 
2–3 h before surgery according to the clinical routine for 
FGR.11 Average time from administration to measurement 
was 04:45 ± 00:50 (hh:mm).

Optical Measurement System

The investigational measurement system is illustrated in 
Figure 1 and described in detail in refs. 21,22. In short, the 
setup consists of 2 modules, one for fluorescence spec-
troscopy, and one for LDF (PF 5000, Perimed AB) measure-
ments. Light from 2 laser sources (405 nm—fluorescence 
and 780 nm—LDF) is transmitted through 2 optical fibers 
in the probe to the tissue. The backscattered light is trans-
mitted back through optical fibers to the spectrometer 
and photodetector. Recorded signals are collected from 
tissue immediately in front of the probe tip. Signals are 
displayed in real time in the in-house software (Figure 1). 
Fluorescence spectra are acquired in groups of 3 in the 
range 450–750 nm. Perfusion (microcirculation) and total 
light intensity (TLI, gray-whiteness) signals are acquired 
continuously in the ranges 0–1000 arbitrary units (a.u.) and 
0–10 a.u., respectively.

Importance of the Study

This study presents clinical implications of in situ optical 
feedback during needle biopsy integrated to the clinical 
procedure and postoperative multiparametric anal-
ysis from a single center. Feedback on protoporphyrin 
IX (PpIX) fluorescence, microcirculation, and gray-
whiteness was given in real time before tissue sampling. 
PpIX fluorescence was detected in high-grade gliomas 
and lymphomas with strong correlation with gadolinium 
contrast enhancement. Increased microcirculation 
was found in cortical, tumorous, and tentorium regions. 

The present study strengthens independence from 
intraoperative neuropathology as PpIX peaks are de-
tected. The integrated system resulted in fewer trajec-
tories compared to previous studies indicating reduced 
operation time. The multiparametric analysis suggests 
a Ki67 index threshold for PpIX detection. In conclusion, 
the integrated optical guidance system provides real-
time feedback in situ, increasing certainty and precision 
of diagnostic tissue before sampling during frameless 
brain tumor biopsies.
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Image Acquisition

Before surgery, a clinical navigation protocol (voxel size 
1 × 1 × 1 mm3) was acquired on an MRI scanner (n = 18 on 
3T Siemens Healthineers or Philips, n = 2 on 1.5T Philips 
or GE Healthcare, depending on scanner availability) with 
and without Gadolinium (Gd) contrast. After surgery, CT 
(SOMATOM, Siemens Healthineers) was acquired if there 
was a clinical need, for example, suspected bleeding, oth-
erwise, MRI was acquired.

Needle Biopsy With Optical Guidance

The routine needle biopsy procedure was carried out with 
the addition of optical measurements during needle inser-
tion. A detailed description of the procedure is found in 
ref.21. In short, planning and registration are made using 
the navigation system (StealthStation S8, Medtronic Inc.). 
A burr hole of 3.2 or 10 mm is made in the skull and the 
dura is opened. The biopsy needle (Passive Needle Kit, 
Medtronic Inc.) with the probe inside is held in place by the 
AutoGuide® (Medtronic Inc.). The probe-needle kit is manu-
ally inserted in steps of a few millimeters, pausing for 5–10 
s in each position for signal acquisition. Measurements are 
acquired at the probe tip and signals are displayed in real 
time. Increased microcirculation spots, protoporphyrin IX 
(PpIX) peaks, navigation coordinates, and acquisition time 
points are noted. When in proximity of the planned target, if 
PpIX peaks are detected, the highest peak is located, and the 
needle window adjusted to overlap the corresponding tissue 
volume. Then, the probe is replaced by the inner cannula of 
the biopsy needle and tissue samples are taken according 
to clinical routine (4 directions, separated by a 90-degree ro-
tation of the needle). If the surgeon deems the tissue ma-
terial too sparse, the needle is adjusted a few millimeters, 

and a second biopsy sampling is made. Finally, the patient 
is prepared for the end of surgery while waiting for the 
intraoperative neuropathological evaluation. If no PpIX peak 
is found, the clinical routine is followed, i.e., tissue samples 
are taken in the preoperative target position and the surgery 
is paused until a response from the neuropathologist is re-
ceived, before preparing the patient for the end of surgery.

Neuropathological Diagnosis

Intraoperative neuropathological evaluations were done 
on Hematoxylin and Eosin (H&E) stained fresh smears 
and/or frozen sections. The remaining material was sub-
sequently formalin-fixed and paraffin-embedded. Tissue 
sections (3 μm) were subject to deparaffinization and 
heat-induced epitope retrieval. Sections were stained with 
H&E and Ki67. Stained slides were digitalized for evalua-
tion. Molecular analysis was performed using Therascreen 
IDH1/2 RGQ PCR kit (QIAGEN) and Therascreen MGMT 
Pyro kit (QIAGEN) according to the manufacturer’s instruc-
tions. Selected cases were also analyzed with massive par-
allel sequencing using the Genomic Medicine Sweden 560 
panel for solid tumors (GMS560). The integrated diagnosis 
was done according to the fifth edition of the WHO classi-
fication of CNS tumors.23 The final clinical diagnosis was 
given within 2 weeks of surgery.

It should be noted that, in this study, “high-grade” refers 
to tumors with morphological growth patterns of CNS WHO 
grade 3 or 4 tumors. Similarly, “low-grade” refers to mor-
phological growth patterns of CNS WHO grade 2 tumors.

Data Analysis

In addition to the clinical diagnosis, a detailed reevaluation of 
all samples was made by a senior neuropathologist (M.H.). 

A B

C

Figure 1. (A) Schematic of the investigational measurement setup. From the left: optical measurement system, navigation system, AutoGuide® 
holding the probe-needle kit in place above the patient. During surgery, the measurement system is placed outside of the sterile zone. The spec-
trum on the screen shows a protoporphyrin IX peak. (B) Setup in the operating room. (C) Schematic of the modified probe-biopsy needle kit.
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The reevaluation was made on scanned digital neuropa-
thology images viewed in Sectra workstation, IDS7 (Sectra 
AB) and included coarse percentages of high- and low-grade 
tumor tissue, necrosis, and non-tumor tissue. Ki67 index was 
digitally quantified using the nuclear detection algorithm of 
IDS7.24 Relevant molecular analyses, for example, isocitrate 
dehydrogenase (IDH) mutations and O6-methylguanine-DNA-
methyltransferase (MGMT) methylation, were also reported.

Tissue fluorescence was represented both by the entire 
spectrum and by PpIX-peak height at 635 nm after correc-
tion for autofluorescence contribution. To separate signal 
from noise, the autofluorescence was normalized for each 
spectrum and a signal-to-noise ratio (SNR) of 5:1 was ap-
plied. If the SNR was lower than 5, the spectrum was dis-
carded. The continuous perfusion and TLI signals were 
represented by the average and standard deviation over 
the 5–10 s interval in each position. Increased microcir-
culation spots were identified, defined as perfusion > 100 
a.u., which is twice the common value (< 50 a.u.) in white 
matter.18 The TLI signal trends were summarized as a pair 
of arrows for each patient. TLI values < 0.5 a.u. indicate that 
an insufficient amount of light reached the detector, thus 
the perfusion value was set to zero in these cases.

For the multiparametric analysis, all imaging, naviga-
tion, and optical data were registered to and presented in 
the T1wGd image space used for navigation as previously 
described.21 The final entry point in the skull (CT) or dura 
(MRI), and the biopsied position were identified on postop-
erative imaging. Then, the planned and final measurement 
positions were compared by Euclidian distance.

Results

In total, 21 trajectories and 272 measurement positions were 
probed. PpIX findings in the biopsy region were corroborated 
by Gd contrast enhancement. PpIX fluorescence and Gd were 
present in the biopsy region of 16 patients (17 trajectories), 
and absent in 4 patients. A summary of the findings for each 
patient is presented in Table 1. No adverse events or side ef-
fects related to the administration of 5-ALA were reported.

Neuropathology

In this cohort, 18 patients were diagnosed with tu-
mors. More specifically, the diagnoses were 15 gliomas 
(13 Glioblastoma IDH-wildtype, CNS WHO grade 4; 1 
Astrocytoma IDH-mutated, CNS WHO grade 4; 1 Glioma, 
IDH-wildtype, CNS WHO grade 2); 3 Primary diffuse large 
B-cell lymphoma of the CNS; and 2 non-tumor. For one pa-
tient, non-tumor tissue with increased astrocytic activity 
without signs of malignancy was found. The second non-
tumor sample was confirmed on postoperative imaging to 
be off-target. Ki67 index varied from 6% to 54% for glioma 
and 90–99% for lymphoma cases. In the glioblastoma 
group, 6 were MGMT-methylated and 8  were unmethylated.

Fluorescence

PpIX fluorescence was found in the biopsy region in 16 pa-
tients, including 13 gliomas, and all 3 lymphomas. Example 

spectra from 4 patients are shown in Figure 2. In the biopsy 
region, fluorescence findings and Gd contrast enhancement 
were concordant (Figure 3A), with a Phi coefficient of 0.64 
throughout the trajectories. Strong correlation was seen for 
glioma but not for lymphoma (0.72 and 0.18, respectively), 
and peak height was more prominent in glioma (Figure 2A, 
C, D) than in lymphoma (Figure 2B). For one additional pa-
tient, PpIX peaks (ratio: 0.11–0.14) were found along the 
trajectory, but not in the biopsy region (Figure 4C). After 
postoperative imaging and registration, these PpIX peaks 
and Gd enhancement were attributed to accumulation in the 
tentorium cerebelli. In < 2% of measurement positions (5 of 
272), spectra were discarded due to low SNR. Fluorescence 
spectra and LDF signals for all patients are found in 
Figure A1 in Supplementary Appendix A.

Out of the 4 patients without PpIX fluorescence peaks 
in the biopsy region (Figure 4), 2 samples were non-
tumorous, one diagnosed as a low-grade glioma (CNS 
WHO grade 2), and one glioblastoma (IDH-wildtype, CNS 
WHO grade 4). None of the 4 cases showed parenchymal 
Gd enhancement along the trajectory (Figure 3A). In the 
latter case, no necrosis or microproliferent vessels were 
found in the sample. Next-generation sequencing (NGS) 
revealed a mutation in the TERT-gene promotor and am-
plification of the epithelial growth factor receptor (EGFR). 
Ki67 index was 6% in both tumorous non-fluorescent, 
non-Gd cases (Table 1).

Tissue Microcirculation and Gray-Whiteness

Increased microcirculation (perfusion > 100 a.u.) was found 
in one or more sites along the trajectory of 9 patients (Table 
1, Figure 3B), that is, in 34 out of 272 measurement posi-
tions. These were located in the cortical (n = 14), tumorous 
(n = 7), or tentorium (n = 13) regions on MRI. In 15 of the 34 
positions, perfusion values were in the range 250–500 a.u. 
For one patient, 10 out of 19 positions showed increased 
perfusion > 250 a.u. (Figure 4C). Postoperative CT indicated 
that this trajectory went through the tentorium cerebelli. 
Here, postoperative imaging indicated an asymptomatic 
bleeding. In total, ten asymptomatic and one symptomatic 
bleeding were detected in 10 patients in total. Postoperative 
imaging confirmed bleedings to be associated with tissue 
sampling (n = 9), and opening of the skull (n = 2). In 2 posi-
tions, the TLI signal was below the detection threshold, see 
example at 1.2 mm past target in Figure 4C.

TLI signals generally increased (8 patients) or stayed 
constant (9 patients) from the entry point throughout the 
first half of the trajectory. These trends are related to pas-
sage from darker to lighter tissue, for example, from gray 
to white matter, or to passage through the same type of 
matter. In the second half of the trajectory, signals de-
creased (15 patients) or kept constant (5 patients). The 
decreasing trend indicates darker or more compact tissue, 
for example, gray matter or tumorous tissue.

Number of Trajectories and Measurement Time

A total of 21 trajectories were biopsied. Registration and 
targeting errors in the navigation system were 1.6 (± 0.3, 
n = 12) mm and 0.3 (± 0.2) mm, respectively. The median 

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae175#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae175#supplementary-data
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Euclidian distance between the planned and final positions 
was 2.8 mm (1.8–6.2 mm, n = 13). The average time for op-
tical measurements along a trajectory including annotation 
time was 8 (± 5) min. The response time for the pathologist 
was 44 (± 11, n = 17) min.

Discussion

Multiparametric analysis was carried out in 20 
neuronavigated frameless brain tumor needle biopsies, in-
cluding a unique combination of in situ optical guidance, 
postoperative imaging, and detailed neuropathological 
analysis. The probe-based optical method allows seamless 

integration into the clinical workflow. Compared to the 
routine procedure, additional tissue impact is minimized 
while providing real-time feedback on PpIX fluorescence, 
microcirculation, and gray-whiteness before tissue is sam-
pled. To our knowledge, this is the first study to compare 
in situ optical signals to postoperatively corrected MRI in-
dications and tumor percentages from neuropathological 
findings in frameless neuronavigated biopsy patients.

Fluorescence in Gliomas and Beyond

Fluorescence response was in line with the neuro-
pathological report in 18 patient cases. Diagnoses in-
cluded Glioblastoma IDH-wildtype CNS WHO grade 4, 
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Astrocytoma IDH-mutant CNS WHO grade 4, Primary 
Diffuse Large B-cell Lymphoma, and non-tumor. This is in 
line with reports in literature where PpIX fluorescence first 
and foremost has been used in high-grade glioma FGR 
but has also been suggested as support for lymphoma 
identification.25,26 All 3 lymphomas in our cohort showed 
positive fluorescence response in the biopsied volume 
compared to 8 out of 1125 and 32 out of 4026 in previous 
lymphoma-specific studies. Still, agreement between Gd 
contrast enhancement and fluorescence peaks was no-
tably lower for lymphoma than for glioma. Beyond Gd, 
studies indicate a potential benefit of 5-ALA administration 
for non-enhancing tumors, as approximately 20% of cases 
fluoresce.27 However, in this study, neither of the 2 non-
enhancing tumors showed PpIX fluorescence.

Relation Between Fluorescence, Neuropathology, 
and Gadolinium Enhancement

A positive PpIX fluorescence response was associated with 
a Ki67 index of ≥ 15% (16 cases). The 2 tumorous samples 
with negative PpIX response had a Ki67 index of 6% and 
corresponded to a low-grade glioma, and a glioblastoma, 
respectively. Other studies have indicated a correlation 
between visible PpIX accumulation and Ki67 index.27–29 In 
their 2021 study, Black et al. found “strong,” “weak,” and no 
fluorescence to be associated with proliferation indices of 
24%, 29%, and 17%, respectively. Interestingly, Jaber and 
colleagues found that fluorescing gliomas were associated 
with a significantly higher Ki67 index than non-fluorescing 
tumors.27 In the present study, non-fluorescing tumors 

were also associated with a lower Ki67 index, but due to 
the limited number of tumors of grades 2 and 3 in this co-
hort, no further attempts at correlations with WHO grade 
were made. Future studies should consider and further 
investigate the relation between Ki67, PpIX response, and 
tumor grade.

In addition, to Ki67 index, EGFR amplification has been 
associated with lower fluorescence response in several gli-
oblastoma cell lines.30 Fontana et al. attributed the lowered 
response to increased expression of heme oxygenase-1. 
In the current study, the non-enhancing, non-fluorescing 
glioblastoma sample did not contain any endothelial cell 
proliferent vessels or necrosis. Therefore, NGS was per-
formed to conclude the diagnosis. Sequencing revealed 
EGFR amplification, TERT-gene-promotor mutation, and no 
chromosome 7+/10− loss confirming the glioblastoma di-
agnosis.31,32 However, it should be noted that NGS was not 
deemed necessary for diagnosis for any other sample in 
this cohort, thus potential EGFR amplification is unknown 
for the other samples. EGFR amplification and its impact 
on PpIX fluorescence is of interest for future studies.

Positive fluorescence response was also associated with 
Gd and necrosis dominant voxels on MRI. Out of 18 loca-
tions with PpIX-fluorescence but no Gd enhancement, 10 
were in direct proximity to enhancing areas. As the biopsy 
trajectory is not confined to the voxel grid of MRI, regis-
tration errors and contribution from several voxels could 
give rise to this discrepancy. On the other hand, PpIX accu-
mulation has been indicated to extend beyond Gd on con-
ventional MRI, which could also contribute to the increased 
fluorescence extent.
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Independence on Intraoperative Neuropathology

Millesi et al.9 argue that intraoperative neuropa-
thology is not needed if fluorescence guidance is used. 
According to our study, this could, in extension, indicate 
a shorter procedure time. Herein, measurements took 
on average < 10 min while the average waiting time for 
the intraoperative response from the pathologist was 
45 min. As PpIX peaks are identified, the operation time 
could be shortened by 35 min on average (range: 11–56 
min) for the presented cohort. Two other studies also 
found a shortened procedure time when positive fluo-
rescence was found.9,10 Additionally, as surgical time is 
reduced, so are the costs.9

It should be noted that previous studies assessed tissue 
fluorescence under a blue-light microscope after sampling. 
On the contrary, the presented method allows fluores-
cence feedback before sampling, potentially decreasing 
the amount of tissue sampled. As an example, during the 
routine needle biopsy procedure multiple samples at dif-
ferent depths are acquired to avoid sampling bias or nega-
tive histology. With the in situ optical guidance technique, 
as fluorescence is found, less tissue material is needed. In 
turn, this would decrease the risk of hemorrhagic complica-
tions as fewer cuts are made.4 However, with an increased 
number of molecular analyses needed for diagnosis, the 
consideration of how much tissue to sample should be 
made in consultation with neuropathologists.

Neuronavigation Fluorescence spectra Microcirculation and TLI Postoperative imaging
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In addition to 5-ALA, surgical adjuncts such as robot as-
sisted surgery and intraoperative imaging have been sug-
gested to confirm correctness of the target position and 
increase safety compared to the routine neuronavigation 
procedure. Although studies show increased accuracy as 
robot assistance is used, only negligible changes in diag-
nostic yield and safety have been reported.1 Additionally, 
as with the blue-light microscope, feedback is given after 
sampling.

Other Spectral Peaks

In addition to the well-documented PpIX peaks (635 nm, 
704 nm) associated with high-grade brain tumor tissue, 
spectral peaks at wavelengths 580 nm and in the 620–630 
nm range were found in the presented cohort. The 580 nm 
peaks were present in 4 patients (tumor and non-tumor) 
and have previously been attributed to lipofuscin.33,34 
Lipofuscin increase is typically associated with low-density 
margins of the tumor or healthy tissue. Peaks in the 620–
630 nm, also referred to as blue-shifted peaks in relation to 
the PpIX peak, and their importance for tumor grading are 
currently being debated. Some groups assign these con-
tributions to other porphyrins28,33 and others suggest attri-
bution to coproporphyrin III.35 In this cohort, blue-shifted 
peaks were found for twelve patients. Peaks were found 
in proximity to the 635 nm peak and in one non-tumorous 
case where an increase of astrocytes, but no sign of malig-
nancy, was found in the neuropathological analysis.

Objective Grading and Reduced Number of 
Trajectories

Optical guidance is commonly associated with fluo-
rescence guidance during resections11,12 where a sub-
jective grading of “strong,” “weak,” or no fluorescence 
is used.9,11,28 With a probe-based system, fluorescence 
spectra are measured in situ and shown in real time, 
eliminating the subjectivity of a visual grading system. In 
this study, the same 5-ALA dose as in FGR was used and 
no adverse events or side effects were found.

In total, 21 trajectories were probed in this study. One 
patient (Patient 1) had 2 trajectories with PpIX fluores-
cence present in both. The intraoperative neuropatholog-
ical analysis showed marginal zone in the first sample; 
thus, a second trajectory was probed and a diagnosis 
could be posed. For one patient with non-tumor response 
(Patient 17), a second sample along the same trajectory 
was sampled. This sample also had a non-tumor re-
sponse; thus, the surgery was closed. The number of tra-
jectories are rarely reported, but can be compared to our 
previous study19 where frame-based needle biopsy was 
carried out in a 20-patient cohort. In the Richter and col-
leagues study, 28 trajectories were probed with up to 3 
trajectories in some patients. Additionally, optical meas-
urements were made with the probe before insertion of 
the biopsy needle. Compared with this study, where the 
probe was integrated into the biopsy needle and only one 
insertion was required, the number of trajectories was 
markedly reduced.

Microcirculation and Relative Location

High-grade tumors are associated with an abundance 
of (pathological) blood vessels, and as the tissue is cut, 
bleeding is most likely unavoidable in relation to tissue 
sampling. However, we have previously shown that 0.5–1 
mm steps of tissue microcirculation can act as a “vessel-
alarm.”18,36 Thus, suggesting that sites of increased blood 
flow can be identified and sampling there potentially 
avoided. In the current study, increased microcirculation 
was found in 9 patients. Five patients (1, 6, 12, 16, and 17) 
had relative increases in the cortical region, 6 (6, 9, 10, 12, 
16, 20) in the tumor region, one (9) in the vicinity of the lat-
eral ventricle, and one (15) along the tentorium (Figure 4). 
Previous studies have found increased microcirculation in 
cortical regions and the vicinity of the lateral ventricle.37 
Rejmstad and colleagues also found increased microcir-
culation in tumorous regions.38 Postoperative imaging re-
vealed bleeding in 5 out of the 9 patients (asymptomatic, 
6, 9, 12, 15, 17 or symptomatic, 6), and in an additional 5 
patients (asymptomatic, 4, 5, 7, 8, 14). In 9 of the patients, 
bleedings were related to the biopsy location, one to the 
subarachnoid space, and one (also present in the biopsy 
group) superficial. As the steps between measurement 
sites during needle insertion were longer than in the pre-
vious study, all positions corresponding to increased mi-
crocirculation might not have been detected.

The incidence of asymptomatic bleeding in this patient 
cohort was within previously reported values1,14,15 but at 
the higher end of the range. As has been stated previously, 
not all studies report on asymptomatic hemorrhages, 
and several clinics do not have a postoperative image as 
follow- up without a clinical indication, such as apparent 
bleeding during the surgical procedure. Therefore, more 
detailed investigations of bleeding incidence were not con-
ducted. A symptomatic bleeding occurred in one patient 
causing a discrete restriction of the contralateral visual 
field. The diffuse tumor (formerly known as gliomatosis ce-
rebri) was located in the temporomedial area in splenium 
and trigonum.

Cerebral tissue gray-whiteness measured through TLI 
indicates relative light intensity. Rejmstad et al. found a 
significant decrease in TLI signal in gray matter and tumor 
tissue compared to white matter.38 These findings are cor-
roborated by the overall trends found in this study.

Limitations

As comparisons are made across techniques, the resolu-
tions of the different modalities should be considered. 
Here, the resolution varies from 3 μm slices for neuropa-
thology to an 8 mm biopsy window during sampling. The 
penetration depth of the laser light varies for different tis-
sues, for example, the 405 nm laser penetrates deeper in 
white matter compared to the denser glioma tissue.3 Also, 
in the near-UV spectral region, absorption of blood is high. 
This was seen through decreased SNR as several spectra 
were affected by blood. In 8 out of 21 trajectories, the 
probe-needle kit was taken out and rinsed due to blood in-
terference in the signal, before reinsertion along the same 
trajectory as previously, locked by the AutoGuide®. For the 
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780 nm laser (LDF), Monte Carlo simulations suggest sam-
pling depth in the range of about 1 mm.39,40

Furthermore, during needle insertion, steps between 
measurement positions varied from 1 to 14 mm. The larger 
step size can lead to unidentified sites of increased microcir-
culation along the trajectory. In previous studies with frame-
based biopsy, an in-house developed mechanical insertion 
device was used.19 During the frameless procedure with the 
Autoguide®, implementation of a similar solution was not 
possible without severely limiting the available trajectory 
length. Thus, no mechanical insertion device was used.

Although this is a prospective study, the data was col-
lected from a single center, resulting in a limited patient 
cohort. To further explore the potential of integrated optical 
guidance, future multi-center studies are warranted where 
the certainty and safety are compared to that of the routine 
procedure in a larger patient cohort.

Conclusions

Through in situ optical guidance, real-time feedback is 
given before tissue sampling, increasing certainty and pre-
cision in diagnostic tissue during frameless brain tumor 
biopsies. This study strengthens the previously proposed 
independence from intraoperative neuropathology as PpIX 
fluorescence is detected. Compared to previous studies, 
fewer trajectories were used, indicating reduced operation 
time and shorter time under anesthesia for the patient. The 
multiparametric analysis also suggests a detection limit for 
PpIX fluorescence in relation to Ki67 index, however, larger 
cohort studies are warranted for confirmation.

Supplementary material

Supplementary material is available online at Neuro-
Oncology Advances (https://academic.oup.com/noa).
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5-aminolevulinic acid | digital pathology | glioblastoma | 
microcirculation | neuronavigation

Lay summary 

Taking samples from brain tumors can be risky, and sometimes 
patients do not receive a complete diagnosis because surgeons 
may have not sampled the right part of the tumor. The authors 
of this study wanted to see if they could use tools that provide 
real-time feedback during biopsies to help surgeons locate the 
abnormal areas better. To do this, they used a tool that analyzes 
the reaction of light with different tissues, and they tested this on 
20 patients. The results showed that this tool helped identify the 
right areas of the tumor to sample and reduced the number of 
times a biopsy was attempted.
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