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Macroscopic fluorescence‑lifetime 
imaging of NADH 
and protoporphyrin IX improves 
the detection and grading 
of 5‑aminolevulinic acid‑stained 
brain tumors
Mikael T. Erkkilä1, David Reichert1,2, Johanna Gesperger1,3, Barbara Kiesel4, 
Thomas Roetzer3, Petra A. Mercea4, Wolfgang Drexler1, Angelika Unterhuber1, 
Rainer A. Leitgeb1,2, Adelheid Woehrer3, Angelika Rueck5, Marco Andreana1* & 
Georg Widhalm4

Maximal safe tumor resection remains the key prognostic factor for improved prognosis in brain tumor 
patients. Despite 5‑aminolevulinic acid‑based fluorescence guidance the neurosurgeon is, however, 
not able to visualize most low‑grade gliomas (LGG) and infiltration zone of high‑grade gliomas (HGG). 
To overcome the need for a more sensitive visualization, we investigated the potential of macroscopic, 
wide‑field fluorescence lifetime imaging of nicotinamide adenine dinucleotide (NADH) and 
protoporphyrin IX (PPIX) in selected human brain tumors. For future intraoperative use, the imaging 
system offered a square field of view of 11 mm at 250 mm free working distance. We performed 
imaging of tumor tissue ex vivo, including LGG and HGG as well as brain metastases obtained from 
21 patients undergoing fluorescence‑guided surgery. Half of all samples showed visible fluorescence 
during surgery, which was associated with significant increase in PPIX fluorescence lifetime. While 
the PPIX lifetime was significantly different between specific tumor tissue types, the NADH lifetimes 
did not differ significantly among them. However, mainly necrotic areas exhibited significantly 
lower NADH lifetimes compared to compact tumor in HGG. Our pilot study indicates that combined 
fluorescence lifetime imaging of NADH/PPIX represents a sensitive tool to visualize brain tumor tissue 
not detectable with conventional 5‑ALA fluorescence.

Although brain tumors comprise less than 2% of cancer prevalence, the a�ected patients su�er from severe symp-
toms and have a poor  prognosis1. Despite increased e�orts for improved post-operative  therapy2, maximal safe 
tumor resection remains the most signi�cant predictor of survival in the vast majority of brain tumor  patients3. 
Hence, there is an urgent need for improved intraoperative tumor visualization using advanced methods such as 
�uorescent  dyes4 and real-time imaging  systems5 to achieve the surgical goal of maximal safe tumor resection.

A rather well known and tolerated �uorescent dye for neurosurgery is 5-aminolevulinic acid (5-ALA)6. �is 
dye results in accumulation of �uorescing protoporphyrin  IX7 (PPIX), an endogenous �uorophore. PPIX-based 
�uorescence-guidance eliminates the shortcoming of brain rearrangement in tumor resection (brain-shi�) when 
only relying on magnetic resonance imaging (MRI)-based  neuronavigation8,9. Originally, this 5-ALA �uorescence 
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approach was solely used for  glioblastomas10, but studies over the last decade have shown its additional poten-
tial for detecting anaplastic foci in suspected low-grade gliomas (LGG)11 as well as brain metastases (BM)12,13. 
Furthermore, visible 5-ALA �uorescence can be found in nearly every ��h low grade glioma and is there associ-
ated with a worse prognosis compared to patients where the tumor did not exhibit any  �uorescence14. However, 
this �uorescence method is limited in visualizing all brain tumor tissues such as parts of the in�ltration zone of 
high-grade gliomas (HGG), most pure LGG and a large subgroup of  BM15.

To overcome the limitation of low PPIX visibility,  spectroscopic15 and hyperspectral  imaging16 for PPIX 
quanti�cation have been exploited with promising  results17. With these advanced methods it is possible to detect 
increased PPIX accumulations in LGG not visible to the naked  eye18. However, these intensity-based approaches 
rely on the knowledge of optical tissue properties, like absorption and scattering, making the quanti�cation 
more  complex19. Additionally, the �uorescence spectra of 5-ALA labeled tumors seem to shi� towards shorter 
wavelengths for low grade gliomas for reasons which are still under  research20. As a potential alternative, whilst 
working on glioma tissue, Erkkilä et al.21 quanti�ed the �uorescence lifetime of PPIX instead of its intensity, using 
a long working distance imaging system with similar speci�cations to current surgical microscopes. Although 
having a limited detection e�cacy compared to state-of-the-art photon counting  techniques22, this approach 
could show an increased sensitivity for detection of brain tumors.

Fluorescence lifetime imaging (FLIM)22 measures the time delay between the excitation of a �uorophore and 
its �uorescent response. In brief, the �uorescent molecule absorbs a photon which in return leads to an excitation 
from the ground state into a higher energetic state. A�er excitation the electrons in the molecule decay back to the 
ground state via multiple intermediate energy levels. While most of these transitions occur within picoseconds 
and only generate heat, some energy levels are more stable allowing su�cient time in the nanosecond range for 
�uorescence to be emitted. Due to this cascade over multiple energy levels the �uorescence is always red-shi�ed 
in relation to the excitation light which is known as the Stokes shi�. Depending on surrounding molecules, 
di�erent environmental conditions, or internal conversion and quenching, the electrons decay through alter-
native paths that alter the time delay until �uorescence is observed or even return to the ground state without 
�uorescence emission. Hence, the �uorescence lifetime is extremely sensitive to its molecular environment while 
remaining inherently independent of the �uorophore  concentration23. �is holds true for most applications where 
the concentration of the pure dye is relatively low compared to the solvent or environment. At higher concen-
trations, however, one needs to consider additional e�ects like self-quenching which will alter the �uorescence 
lifetime depending on the  concentration24. Furthermore, the lifetime might become concentration dependent if 
multiple �uorophores are present or the �uorophore exists in two di�erent aggregates with di�erent �uorescence 
lifetimes. �e average lifetime measured is then shi�ed towards the lifetime of the �uorophore or aggregate with 
the higher overall  concentration23.

FLIM is extensively used to investigate endogenous �uorophores like nicotinamide adenine dinucleotides 
(NADH)25, which shows signi�cantly elevated values in brain tumors in comparison to non-tumorous brain 
 parenchyma26–28. While oxidized NAD + does not show any luminescence, free NADH emits auto�uorescence 
with short lifetimes (400 ps). NADH is fundamental for cell metabolism and is ubiquitously involved in the 
glycolytic pathway as well as the citric acid (TCA) cycle and the oxidative phosphorylation in the mitochondria. 
Upon binding to proteins, the �uorescence lifetime of NADH increases to 1–4 ns, depending on the speci�c pro-
tein composition. �is observation is used to monitor the reduction of NAD + during glycolysis as this increases 
the amount of free NADH leading to a faster �uorescence decay. Oxidative metabolism, on the other hand, is 
characterized by increased bound NADH prolonging the average �uorescence lifetime.

Understanding the energy metabolism in  tumors29 is becoming increasingly important for developing thera-
pies targeted at speci�c glycolytic or mitochondrial  pathways30. Tumor cells di�er from normal cells through their 
preferential use of anaerobic glycolysis under aerobic conditions, which is known as the Warburg  e�ect31. How-
ever, several studies also observed increased oxidative phosphorylation in HGG as well as strong intratumoral 
 heterogeneity32–34. Since the TCA cycle feeds heme synthesis by generating succinyl-CoA, one of the precursors 
that is metabolized together with glycine to 5-ALA in the mitochondria, one might hypothesize that the PPIX 
production might also be dependent on enhanced oxidative metabolism besides the decreased  ferrochelatase35 
found in speci�c brain tumors.

To address the question of PPIX �uorescence visibility and its connection to the energy metabolism of brain 
tumors, we performed both NADH and PPIX lifetime imaging ex-vivo on 42 human tissue samples retrieved 
from 21 patients with LGG, HGG and BM obtained during resection a�er prior 5-ALA administration. In 
contrast to a previous feasibility  study21 on six patients which explored the technical feasibility of a wide-�eld 
�uorescence lifetime imaging system for intraoperative PPIX lifetime mapping, in this pilot study we extend 
our method to include NADH imaging and tested it on a larger study cohort (21 patients) including a broader 
spectrum of brain tumors. We then correlated the observed NADH and PPIX lifetimes with histology to analyze 
whether both �uorophores can be used together to allow improved tumor and tissue type classi�cation only 
based on lifetime imaging. Finally, we used the phasor  approach36 to study the decay dynamics of NADH and 
PPIX in brain tumor samples from 5-ALA guided surgery.

Results
PPIX �uorescence visibility is highly dependent on the tumor  type15,17. To investigate the �uorescence lifetime 
of NADH and PPIX for various pathologies, we analyzed a total of 42 samples obtained from 21 patients with 
3 LGG (WHO II), 14 HGG (WHO III/IV) as well as 4 BM (see Table 1). Of these 42 samples, 40 specimens 
contained tumor tissue (n = 35) or reactive tissue (n = 5) according to histopathological analysis. In detail, in 16 
samples compact tumor, in 12 samples in�ltrative tumor tissue and in 7 samples tumor tissue with large necrotic 
areas was present. Furthermore, 5 non-tumor samples obtained during resection of BM were classi�ed as reactive 
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brain parenchyma due to the enhanced presence of immune cells. In contrast, in two non-�uorescing samples 
that were collected during the approach to deeper seated tumors no distinct tumor cells with no signs of reactive 
changes (no pathological brain tissue) were found.

Visible PPIX fluorescence is correlated to increased PPIX fluorescence lifetime. To explore the 
ability of FLIM overcoming the limited ability of visual PPIX �uorescence, we imaged all 42 tissue samples that 
were classi�ed by the surgeon as “�uorescing” or “ALA+” in 21 cases and “non-�uorescing” or “ALA−” in the 
other 21 cases (see Table 1). In the following, “non-�uorescing” tissue only describes that the surgeon could not 
identify any �uorescence by naked eye during surgery. �e samples were inspected using the �uorescence life-
time imaging system, and both �uorescence intensity as well as �uorescence lifetime maps for NADH and PPIX 
were acquired sequentially. Finally, the samples were sent in for histological evaluation and each sample received 
a unique label describing the type of tumor tissue found (see Table 1). In the following the �uorescence lifetime 
values were described in form of the subgroup’s median followed by the 25% and 75% quantiles in parentheses.

Visible PPIX �uorescence during surgery (ALA+) was correlated with an increased PPIX �uorescence life-
time of 11.0 ns (8.2; 12.9) compared to non-�uorescent tissue (ALA−) with 3.0 ns (2.3; 5.0) lifetime (p < 0.001). 
Although the NADH lifetime was also elevated in samples with visible PPIX �uorescence (ALA+) with 2.0 ns 
(1.7; 2.5), the di�erence to samples with 1.7 ns (1.4; 2.1), where the surgeon reported no visual PPIX �uorescence 
(ALA−), was not statistically signi�cant (p = 0.14). As shown in Fig. 1, the lifetime maps o�ered an enhanced 
contrast in low intensity regions, which is most apparent for the in�ltration zone with increased cell density. Very 
high NADH lifetime values (see Fig. 1, region of interest marked with (*) were identi�ed as vessels in histology, 
while very short lifetimes below 1 ns were only observed in tissue samples with extensive necrosis (see Fig. 1, 
region of interest marked with **). As can be seen from Fig. 2, PPIX lifetime was also found to be reduced in 
necrotic areas compared to the surrounding tumor tissue. On the other hand, reactive brain parenchyma, which 
we only found beyond the tumor margins in brain metastases, showed long NADH lifetimes well above 2 ns. 
Although these samples exhibited visible PPIX �uorescence (ALA+) in over 80% of all cases, the histological 
evaluation did not �nd any tumor cell in�ltration other than increased density of immune cells. �e non-path-
ological samples yielded median �uorescence lifetimes of 1.2 ns (1.2; 1.3) and 1.9 ns (1.6; 2.1) for NADH and 
PPIX, respectively (Fig. 1 and Table 2). In summary, we found that �uorescence lifetimes of NADH and PPIX 
were highly heterogeneous between di�erent tissue types.

Table 1.  Tissue characteristics of the 42 tumor samples obtained from 21 patients. �e table shows the 
distribution of tissue samples obtained during �uorescence guided brain tumor resection with the patient 
diagnosis, the tissue histology, 5-ALA �uorescence status during surgery (visible to surgeon: +/ not visible to 
surgeon: −) as well as the con�rmed tumor grade (LGG: low grade glioma, HGG: high grade glioma, MET: 
brain metastases). Bold entries specify the representative tissue samples which are shown in Fig. 1.

Patient ID Diagnosis Samples obtained ALA �uorescence Tumor grade

1 Di�use astrocytoma TUM/TUM/TUM − /−/ − LGG

2 Di�use astrocytoma INF/INF − / − LGG

3 Oligodendroglioma INF/INF − / − LGG

4 Anaplastic astrocytoma TUM/TUM − / + HGG

5 Anaplastic oligodendroglioma NPL − HGG

6 Glioblastoma INF/TUM − / + HGG

7 Glioblastoma INF/NEC − / + HGG

8 Glioblastoma INF/TUM − / + HGG

9 Glioblastoma INF/NEC  + / + HGG

10 Glioblastoma NEC/TUM − / + HGG

11 Glioblastoma NEC/TUM − / + HGG

12 Glioblastoma INF/TUM − / + HGG

13 Glioblastoma INF  + HGG

14 Glioblastoma TUM  + HGG

15 Glioblastoma TUM  + HGG

16 Glioblastoma INF/TUM  + / + HGG

17 Glioblastoma NPL/TUM − / + HGG

18 Metastases (primary: lung) REA/INF/TUM  + /−/ + MET

19 Metastases (primary: lung) REA/NEC  + / − MET

20 Metastases (primary: lung) REA/REA/NEC − / + / − MET

21 Metastases (primary: heart) REA/NEC/TUM  + /−/ + MET

Total: 42
(NPL–2; REA–5;
INF–12; NEC–7;
TUM–16)

ALA positive:
21
ALA negative:
21

Partition:
LGG–3 (7)
HGG–14 (24)
MET–4 (11)
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Figure 1.  Representative NADH and PPIX �uorescence intensity and lifetime maps of tumor tissue with 
corresponding histology – Here we show �uorescence lifetime imaging of �ve representative brain tumor 
samples with di�erent histopathological features. �ey were each obtained from a di�erent patient as shown 
in Table 1. Fluorescence imaging of NADH and PPIX was performed with the pco.FLIM camera at 405 nm 
excitation. �e �uorescence measurements (column 2–4) were performed at varying exposure times depending 
on the �uorescence yield (see labels in intensity images). �e intensity images were then normalized for 
better contrast using the given normalization factor. �e �uorescence lifetime maps were obtained from the 
phase delay relative to the modulated laser excitation. As reference we obtained histological sections for each 
sample investigated (see column 1). As shown malignant tissue is associated with increased NADH and PPIX 
�uorescence lifetime compared to non-pathological tissue. While pure �uorescence intensity imaging also 
shows major tumor in�ltration areas, the �uorescence lifetime maps o�er a more robust visualization of low 
�uorescing tissue. (Region of interests: *Very high NADH �uorescence lifetimes were characteristic for vessels 
found in histology. **NADH lifetimes below 1 ns were only found in necrotic areas).
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PPIX lifetime imaging distinguishes between tumor tissue types. In the next analysis, we deter-
mined whether di�erent tissue types of brain tumors could be distinguished from each other using PPIX lifetime 
imaging. As can be seen in Fig. 3a and Table 2, signi�cant di�erences in PPIX lifetime imaging were found 
between LGG and HGG (p = 0.006) as well as between LGG and BM (p < 0.001). In general, the PPIX �uores-
cence lifetime shown in Fig. 2 and 3b was signi�cantly higher in compact tumor tissue compared to areas with 
extensive necrosis (p = 0.021). In�ltration zones were characterized by a large variance with samples ranging 
from values of 2.0 ns up to 13.8 ns and overall showed signi�cantly shorter lifetimes than compact tumor tissue 
(p = 0.006). Similarly, reactive parenchyma was found to be signi�cantly di�erent to in�ltration zones (p = 0.037). 
Note that we were also able to image non-tumorous samples with PPIX lifetimes below 2 ns which indicates 
that our system was sensitive enough to detect the pure auto�uorescence of the tissue. �us, PPIX �uorescence 
lifetime was elevated in tumor tissue and we were eager to investigate whether we could obtain similar �ndings 
in the NADH �uorescence decay.

Figure 2.  Overview of the NADH and PPIX �uorescence lifetime for each sample depending on tumor entity 
and tissue type—Here we show the median NADH and PPIX �uorescence lifetime for each sample. Non-
pathological samples are shown in green. Samples with no visible 5-ALA �uorescence during surgery (ALA−) 
are shown in blue while tissue exhibiting �uorescence visible to the surgeon (ALA+) is marked in red. �e 
symbols either de�ne the tumor entity (a) or the tissue histology (b). Especially high grade gliomas with visible 
�uorescence during surgery show a rather compact cluster. Note that necrotic tissue had reduced PPIX lifetime 
combined with a wide range of NADH lifetimes. �e sample with most necrosis showed NADH lifetimes below 
1 ns suggesting glycolytic energy metabolism.

Table 2.  Descriptive statistics of the NADH and PPIX �uorescence lifetime depending on tumor entity and 
tissue type. �e table shows the median as well as 25 and 75% quantiles of the NADH/PPIX �uorescence 
lifetime values measured from the 42 samples. Note that we randomly selected 100 values in each �uorescence 
lifetime map to compensate for di�erent sized samples. Pathological tissue exhibited increased �uorescence 
lifetimes for both NADH and PPIX compared to non-pathological tissue. Similarly, low grade gliomas showed 
reduced lifetimes in contrast to brain metastases and high grade gliomas.

Tumor entity/grade (# samples)
NADH �uorescence lifetime (ns) median / [0.25; 
0.75] quantiles

PPIX �uorescence lifetime (ns) median / [0.25; 
0.75] quantiles

Low-grade glioma (n = 3) 1.7 [1.4; 1.8] 2.5 [2.3; 3.7]

High-grade glioma (n = 14) 1.8 [1.6; 2.1] 9.5 [4.0; 12.9]

Brain metastases (n = 4) 2.3 [1.8; 2.6] 8.0 [5.3; 9.1]

Tumor tissue type

Non-pathological tissue (n = 2) 1.2 [1.2; 1.3] 1.9 [1.6; 2.1]

Reactive parenchyma (n = 5) 2.5 [1.8; 3.0] 8.2 [7.4; 9.1]

In�ltration zones (n = 12) 1.7 [1.4; 2.1] 3.2 [2.3; 5.7]

Necrotic areas (n = 7) 2.4 [1.4; 2.6] 6.3 [3.6; 6.8]

Compact tumor tissue (n = 16) 1.8 [1.7; 2.1] 11.3 [6.6; 12.9]
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Altered NADH lifetimes are characteristic for reactive brain parenchyma and necrotic tumor 
tissue. Furthermore, we analyzed whether we could also �nd di�erences in NADH �uorescence lifetimes in 
our samples. According to our data (see Fig. 2, Fig. 3c and Table 2), HGG showed similar NADH �uorescence 
lifetimes compared to BM (p = 0.21). In contrast, LGG with 1.7 ns (1.4; 1.8) median lifetime were found to di�er 
signi�cantly from BM (p = 0.027). Interestingly, we could not �nd any statistically signi�cant di�erence between 
the di�erent tumor tissue types (see Fig. 3d) where all tumor grades/entities were included. However, HGG 
samples with necrotic areas were characterized by a wide range of NADH �uorescence lifetimes including val-
ues below 1 ns. �ese very short NADH �uorescence lifetimes indicate a higher ratio of free NADH relative to 
bound NADH which is typically associated with a glycolytic energy uptake in those  areas25. �ese regions were 
o�en surrounded by compact tumor tissue with signi�cantly elevated NADH and PPIX �uorescence lifetimes 
(p = 0.01) suggesting an increased oxidative metabolism. Additionally, we observed that the NADH �uorescence 
lifetime of reactive parenchyma with 2.5 ns (1.8; 3.0) was elevated compared to compact tumor tissue in BM with 
1.8 ns (1.7; 2.1), which might be an indication for an altered, oxidative energy metabolism. However, this obser-
vation was not found to be statistically signi�cant (p = 0.27). In general, we could demonstrate that the NADH 
�uorescence lifetime was signi�cantly altered between BM and LGG as well as in necrotic areas which led us to 
the idea that the combined NADH/PPIX �uorescence lifetimes could be used for improved classi�cation of the 
samples into the corresponding grades and tissue types.

A: PPIX lifetime B: PPIX lifetime

C: NADH lifetime D: NADH lifetime
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Figure 3.  Fluorescence lifetime distribution depending on the tumor grade (PPIX: a; NADH: c and the 
tissue type (PPIX: b; NADH: d)—�e bar height shows the median NADH/PPIX �uorescence lifetime while 
the error bars indicate the 25 and 75% quantiles. �e PPIX �uorescence visibility was based on the surgeon’s 
subjective observation during resection (no visible �uorescence: ALA−; visible PPIX �uorescence: ALA+). 
Note that we did not include non-pathological samples due to the small sample size (n = 2) and there is no 
error indicated for reactive parenchyma with no visible �uorescence (ALA−) as we only found one sample 
with these characteristics. Signi�cant di�erences between the groups are shown with an overline (*p < 0.05; 
**p < 0.01; ***p < 0.001) and are independent of the visual PPIX �uorescence status. Low grade gliomas showed 
signi�cantly lower NADH and PPIX �uorescence lifetimes compared to brain metastases. On the other hand, 
metastases and high grade gliomas had fairly similar PPIX �uorescence lifetimes. Samples with visible PPIX 
�uorescence during surgery (ALA+) were associated with signi�cantly elevated PPIX �uorescence lifetimes. 
Reactive tissue showed the highest NADH �uorescence lifetimes compared to all other tissue types.
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Combined NADH/PPIX lifetime imaging allows classification of tissue grade and types. �e 
current practice of sending suspicious tumor tissue for intraoperative neuropathological evaluation during sur-
gery is time-consuming and is not always available. �erefore, we used RUS boosted decision trees to classify the 
tumor entity/grade as well as the tissue type solely based on the NADH and PPIX �uorescence lifetime maps. To 
evaluate the bene�t of using both NADH and PPIX �uorescence lifetime values in contrast to only relying on the 
pure PPIX �uorescence lifetime maps, we �rst performed the classi�cation on the PPIX data alone and �nally 
extended it to the combined NADH-PPIX dataset.

All classi�ers were trained on the partitioned data (shown in Fig. 2) using a �vefold cross-validation and 
achieved a classi�cation accuracy of 61.1% for the tumor entity/grade and 58.3% for the tissue types when only 
relying on the PPIX lifetime data (see Fig. 4a and Fig. 5a). �e classi�cation became more accurate when adding 
the NADH lifetime values and could improve the overall accuracy to 70.8% and 67.9% for the tumor entity and 
tissue type classi�er, respectively (see Fig. 4b and Fig. 5b). Using this improved classi�er, LGG and BM were 
correctly classi�ed in 93% and 82% of all cases, respectively. HGG were mostly misclassi�ed as brain metasta-
ses (28%), which could be expected as they share similar NADH and PPIX lifetime values. Furthermore, LGG 
were very rarely classi�ed as HGG (1%). While the PPIX-only classi�er didn’t perform substantially worse for 
detecting LGG tissue, the combined NADH/PPIX classi�er mainly contributed to an improved discrimination 
between LGG and BM and thereby to less false negatives. �is indicated that our classi�er could be used for 
e�ective grading of gliomas. In the case of the tissue type classi�er, necrotic areas were correctly labeled in 67% 
of all observations with 19% of misclassi�cations into in�ltration zones. Although the true-positive rate for 
compact tumor tissue was only 66%, it had only 17% cross-talk with the in�ltration zone class, which made it a 
sensitive method to distinguish between these di�erent tissues. As the NADH lifetimes of necrotic and reactive 
tissue areas were fairly di�erent from another, the main improvement in relation to the PPIX only classi�er was 
found in these two classes. Hence, it would seem that combined NADH/PPIX �uorescence lifetime imagining 
enabled the distinction of tissue types as well as glioma grading with improved accuracy compared to relying 
only on the PPIX �uorescence lifetime values.

Phasor analysis reveals bi‑exponential decay of PPIX in tissue. While NADH �uorescence lifetime 
is known to be dependent on the ratio of free and bound NADH and exhibits a mostly bi-exponential  decay25, 
the �uorescence lifetime of PPIX is not well  understood37. For a more detailed investigation, we performed a 
qualitative phasor analysis based on the raw data of our �uorescence lifetime measurements for both NADH and 
PPIX. Note that the modulation frequency of 10 MHz was optimized for the long decay of PPIX. �erefore, we 
expected an increased variance in the NADH phasor plots (see Fig. 6).

PPIX �uorescence showed a linear relationship between a fast lifetime component with similar values to 
the non-pathological samples with 1.9 ns and a longer decaying component with a lifetime of 16 ns which is 
usually found for pure PPIX in  solvent37,38. �is observation revealed that the measured �uorescence lifetime 
of PPIX in tissue is, in fact, a bi-exponential decay and would, thus, be dependent on the concentration ratio of 
the longer and faster decaying component. Taking into account the exposure times shown in the �uorescence 
intensity maps in Fig. 1, there is also evidence that an increased PPIX lifetime is associated with increased PPIX 
�uorescence intensity. On the other hand, the phasor plot of NADH resembled an elongated ellipse with one of 
the focal points lying on the universal circle. �is point indicated the presence of short lifetime component below 
1 ns which would likely be free NADH (400  ps25). �e other focal point lied within the circle and had a larger 
variance as expected. �ese longer �uorescence lifetime components are most likely due to various proteins in 
the brain tissue binding to NADH and altering its �uorescence lifetime.

Hence, our analysis revealed that both NADH and PPIX �uorescence decayed with short and long lifetime 
components. While the bi-exponential decay of PPIX was fairly evident, the decay of NADH we measured might 
also include more than two contributing components.

Discussion
Although PPIX �uorescence-guided neurosurgery has been widely adopted within the last two  decades9, the 
method of evaluating the �uorescence by the naked eye has remained unchanged. �is approach, however, limits 
the detection of small PPIX accumulations in LGG and in�ltration zones of HGG. Here we show for the �rst 
time using a novel time-of-�ight camera based time-resolved �uorescence imaging system that speci�c brain 
tumors, including LGG, with no visible 5-ALA �uorescence during resection (ALA−) exhibited elevated PPIX 
�uorescence lifetimes compared to values of physiological brain parenchyma measured and found in  literature39. 
Furthermore, NADH �uorescence lifetime was found to be signi�cantly altered in necrotic tumor tissue com-
pared to compact tumor tissue. By combining both NADH and PPIX �uorescence lifetime information, we could 
show that di�erent tumor entities as well as tumor tissue types have distinct NADH/PPIX �uorescence lifetime 
features enabling an improved classi�cation. Finally, we could demonstrate that the observed PPIX �uorescence 
lifetime is, in fact, a weighted sum of long lifetime component at around 16 ns, most likely due to pure PPIX, 
and a shorter lifetime component below 2 ns which was not known so far. To our knowledge, we are the �rst 
to obtain parallel NADH and PPIX �uorescence lifetime measurements using an imaging system o�ering a 
macroscopic square �eld of view (11 mm) combined with a suitable working distance (250 mm) and a real-time 
preview within seconds for future simultaneous resection. �erefore, our results strongly indicate that FLIM of 
NADH and PPIX is technically feasible and could be used for intraoperative guidance as well as tumor grading.

Our observations on NADH �uorescence lifetimes in brain tumors were in good agreement with the meas-
urements of Sun et al. on glioblastomas (lifetimes ranging from 1.2 in cortex up to 2.6 ns in tumor)26. Similarly, 
our PPIX �uorescence lifetimes were in the range between 1.9 ns for non-pathological tissue up to almost 16 ns 
in high grade tumors which re�ects the large variability of PPIX �uorescence lifetimes reported in  literature21,38. 
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As both BM and HGG are rapidly proliferating tumors, it is likely that the increased NADH lifetimes compared 
to LGG are indicative for their mutated and upregulated mitochondrial metabolism. We also observed NADH 
lifetime values in HGG and BM below 1 ns representative for glycolytic energy uptake. It is, however, known that 
glioblastomas switch between glycolytic and oxidative metabolism depending on the availability of  oxygen33,40. 
As we did not observe any NADH lifetimes below 1 ns in LGG, these less aggressive tumors do not seem to use 
anaerobic/glycolytic pathways. �erefore, we hypothesize that as LGG form, the oxidative metabolism increases 
�rst which subsequently generates more succinyl-CoA followed by 5-ALA in the mitochondria. �is leads to 

Figure 4.  Classi�cation of tumor entity/grade based on the �uorescence lifetime of PPIX only (a) and NADH/
PPIX combined (b)—From each sample 100 �uorescence lifetime values were randomly chosen which resulted 
in overall 4200 datapoints. �ese were then classi�ed using a RUS boosted trees classi�er depending on the 
tumor grade. Solely relying on the PPIX �uorescence lifetime, the classi�er reaches an accuracy of 61%. When 
adding the information of the colocalized NADH �uorescence lifetime, the accuracy reaches nearly 71%. �is is 
mainly due to the better discrimination between brain metastases (MET) and high grade gliomas (HGG). Note 
that we did not include non-pathological samples due to the small sample size (n = 2).
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an upregulation of the heme synthesis generating more PPIX. Our hypothesis would imply that the PPIX in 
LGG is mainly produced by endogenous ALA in contrast to high-grade tumors where the administered ALA 

Figure 5.  Classi�cation of tumor tissue type based on the �uorescence lifetime of PPIX only (a) and NADH/
PPIX combined (b)—Similarly to the graph shown in Fig. 4, we performed classi�cation depending on the 
tumor tissue type obtained from histology. While the PPIX only classi�er was already able to achieve an 
accuracy of 58%, the combination with NADH delivers more robust results reaching 68% correct results. 
Especially samples with distorted energy metabolism like reactive (REA), necrotic (NEK) or compact tumor 
tissue (TUM) bene�t from the additional information delivered by the NADH �uorescence lifetime.
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can penetrate through the ruptured brain-blood barrier and short circuit the TCA cycle. �is would con�rm 
the �ndings of Yang et al.35 that isocitrate dehydrogenase (IDH) mutation, which is mainly found in LGG, leads 
to an increased accumulation of TCA cycle metabolites and enhanced production of mitochondrial NADH. In 
contrast to the mutated ferrrochelatase in HGG, as LGG are still able to convert PPIX into heme, the elevated 
endogenous ALA would be quickly metabolized and would therefore only generate a minor elevation of PPIX 
levels in the tumor cells. We suspect this could be a reason for why LGG do not exhibit visible PPIX �uorescence 
(ALA+) and have much lower PPIX �uorescence lifetimes compared to HGG. In the future, we thus want to 
correlate the NADH and PPIX �uorescence lifetime with the IDH mutation status to further understand this 
ambiguity and investigate whether this genetic factor can be predicted.

We also found high NADH and PPIX lifetime values in reactive brain parenchyma of BM which did not show 
tumor cell in�ltrations. �e increase in PPIX lifetime con�rms the reports of Kamp et al.12 and Utsuki et al.13 on 
visible PPIX �uorescence (ALA+) beyond the tumor margins in these secondary tumors. Furthermore, the high 
NADH lifetime indicates an enhanced oxidative energy uptake in these areas. Although the NADH lifetimes in 
compact tumor tissue of BM were reduced compared to reactive parenchyma, they also exhibited rather long 
NADH lifetimes which might be linked to the highly proliferating nature of these tumors. As we observed that the 
PPIX �uorescence visibility during surgery was linked to enhanced PPIX �uorescence lifetime combined with the 
fact that the lifetime showed a bi-exponential decay, it is likely that our measured lifetimes are dependent on the 
concentration of PPIX in the tissue. While we hypothesized in our previous  publication21 that quenching would 
be the main driver for the reduction of PPIX �uorescence lifetime in tissue, our observations suggest that the ratio 
between the native tissue auto�uorescence and the PPIX �uorescence and thus the PPIX concentration in tissue 
itself is the key to explain the high variability in the measured �uorescence lifetimes. However, as discussed by 
Rueck et al.41, depending on di�erent enzymes which control 5-ALA metabolism, shorter �uorescence lifetimes 
of other porphyrins as Uroporphyrin and Coproporphyrin could also explain this observation. �is also includes 
photoproducts of PPIX which might be produced during longer illumination in surgery and have �uorescence 
lifetimes in the range of 2–4  ns37. Furthermore, the detection bandwidth from 580–730 nm is rather large which 
could also include additional endogenous �uorophores besides porphyrins like, for example, lipofuscin. �e 
�uorescence lifetime of lipofuscin has been shown to consist of a short component at 390 ps and a longer com-
ponent at 2.2  ns42 and would thus be in the same range of values that we observed for non-pathological tissue. 
Spectroscopic time-resolved measurements would be the future tool of choice to analyze the exact underlying 
mechanism of our measured PPIX �uorescence lifetimes.

�e �ndings of this pilot study have to be seen in light of four main limitations. (1) First, our study cohort 
is highly heterogeneous with a high number of HGG samples compared to LGG and BM. �is was expected 
as the primary indication of 5-ALA �uorescence guided surgery are HGG and therefore resection of LGG and 
BM under 5-ALA �uorescence guidance are performed less o�en. While our study population re�ects this 
behavior, it overall leads to highly imbalanced classes of data which is the main reason for the poor accuracy 
of our classi�ers with regard to the determination of the tumor type and grade. We already partly tackled this 
problem by employing specialized classi�cation algorithms which handle class imbalance. Otherwise, most clas-
si�ers would completely misclassify the smallest group, as the largest group would always be correctly detected, 
and therefore the accuracy would be maximized. �e lifetime heterogeneity can also be seen within individual 
samples, especially for tumor tissue that was later found to be of in�ltrative nature. Although these specimens 
showed also signs of non-pathological and compact tumor tissue, we labeled these samples according to the 

Figure 6.  Cumulated phasor plot for NADH and PPIX �uorescence for all 42 tissue samples—�e point clouds 
show the distribution of �uorescence lifetimes compared to the universal circle (in red). Points lying on the 
universal circle indicate a single-exponential �uorescence decay. However, NADH and PPIX show an elongated 
cloud which is indicative for a multiexponential decay. For NADH, this is due to the mixture of free and bound 
NADH and is well known. On the other hand, PPIX shows a clear bi-exponential decay with a long component 
at 16 ns and a short component below 2 ns. �is indicates that the measured PPIX �uorescence lifetime of our 
samples is a mixture between native PPIX and tissue auto�uorescence. Hence, our PPIX �uorescence lifetimes 
measured would be dependent on the PPIX concentration in the tissue.
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main contributing tissue type. �erefore, the median �uorescence lifetime values might deviate from more 
homogeneous samples and thus lead to a less signi�cant di�erence between the tissue type classes. Future 
studies will need to address these limitations by only relying on fairly homogeneous samples or creating co-
registered histopathological slices for each individual sample. However, this will not resolve the fact that the 
primary indication for 5-ALA �uorescence guided surgery currently remains HGG. For this point, larger studies 
are needed to collect su�cient number of samples from other tumor types which might take several years. In 
contrast, this pilot study was intended to evaluate the feasibility of this method rather than providing clinical 
evidence for the e�cacy of NADH/PPIX �uorescence lifetime imaging. (2) In addition, we only included two 
samples with non-pathological brain parenchyma and thus this study lacks a reliable control group. Although 
the measured lifetime values of these two non-tumorous samples were in agreement with literature stating an 
average NADH �uorescence lifetime of 1.3  ns26,43 as well as 1.8 ns for PPIX in physiological brain  tissue39, we 
did not include these specimens in our statistical analysis due to the small sample size. �erefore, future series 
are needed with a larger number of tissue samples in order to generate a statistically valid control group. Note 
that this step is non-trivial as non-pathological tissue is mostly obtained from the access route to deeper seated 
tumors and removal of tissue for research purpose is minimized due to ethical reasons. �erefore, collecting 
a su�ciently large control group might take several years, which was not the intent of this �rst pilot study. 
Nonetheless, we are targeting these issues in an extended, on-going clinical study. (3) �ird, our �uorescence 
lifetime imaging system was primarily designed to optimally resolve the long �uorescence lifetime of PPIX and 
the use of our 405 nm laser is less optimal for NADH imaging. Conventionally NADH is excited at 375  nm32,44 
which maximizes the �uorescence yield and prevents the excitation of other endogenous �uorophores like �avin 
adenine dinucleotide (FAD). However, several studies have shown that NADH remains the main �uorescence 
contributor in tissue when using one-photon excitation at 405  nm45,46 or two-photon excitation at 800  nm47,48 
despite additional excitation of FAD. Although our results revealed reasonable lifetime values for NADH and, 
thus, con�rmed that we mainly excited NADH, switching to a higher modulation frequency (> 40 MHz) as well 
as to shorter excitation wavelengths (< 400 nm) would have signi�cantly enhanced the lifetime precision for 
NADH. However, our study speci�cally employed a blue-violet laser as this wavelength range is equivalent to 
the blue-light illumination found in commercial neurosurgical microscopes with 5-ALA �uorescence option, 
thus, simplifying the regulatory constraints towards an investigational device for future in vivo use. In addition, 
the time-of-�ight camera in our system requires an additional calibration step using a reference target when 
changing the modulation frequency. �erefore, we would have needed to reposition the samples between the 
PPIX and NADH �uorescence lifetime acquisition which would have hindered the co-registration between 
both acquisitions. (4) Finally, our �eld of view is certainly macroscopic as found in similar imaging  systems44, 
however, it is still rather small considering its potential application to image the whole surgical cavity. To increase 
the �eld of view even further one could either develop a camera with a larger sensor or reduce the focal length 
of the camera lens. In the latter case, the light throughput should optimally be identical to the current setup. For 
example, a 50 mm f/1.0 would be equivalent in throughput to the current 100 mm f/2 while doubling the �eld 
of view at the same working distance.

To conclude, we presented a �rst pilot study on combined macroscopic �uorescence lifetime imaging of 
PPIX and NADH enabling enhanced brain tumor visualization as well as reliable assessment of tumor type and 
grade. PPIX �uorescence lifetime imaging enabled a more robust visualization of in�ltration zones and low grade 
gliomas in general, whilst the time-resolved imaging of NADH o�ered additional insight to distinguish necrotic 
tissue areas. In comparison to pure intensity imaging, the �uorescence lifetime o�ered better contrast in highly 
heterogeneous tissue areas like in�ltration zones and could thus become a valuable addition to conventional 
5-ALA �uorescence guided surgery. While further in vivo studies are needed to con�rm the clinical bene�t of 
FLIM to delineate tumor borders, our results pave the way towards future intraoperative �uorescence lifetime 
imaging of PPIX and NADH for improved resection of brain tumors.

Materials and methods
Study design. �e investigation of the �uorescence lifetime of NADH and PPIX was performed on freshly 
resected tumor samples ex vivo according to national regulations as approved by the ethics committee of the 
Medical University of Vienna under the approval number EK419/2008—Amendment 04/2018. Adult patients 
with either di�use gliomas (WHO grades II–IV) or BM undergoing tumor resection a�er preoperative 5-ALA 
administration (20 mg/kg bodyweight; approximately 3 h before anesthesia) were included in the study a�er 
obtaining informed consent. During surgery, a state-of-the-art neurosurgical microscope with violet blue illu-
mination was used for excitation of PPIX �uorescence and tissue samples in the suspected tumor region as well 
as during approach to deeper located tumors were safely collected. �e �uorescence status of each collected tis-
sue sample was subjectively classi�ed by the neurosurgeon as visible (ALA+) or no visible �uorescence (ALA−) 
based on his observation by naked eye. �e collected tissue samples were stored in arti�cial cerebrospinal �uid 
to maintain cell  viability49. Although NADH �uorescence lifetime has been shown to be fairly constant within 
the �rst 8 h a�er resection when stored in nutrient  solution50, we immediately transferred the samples to the 
microscopy lab for imaging within an hour a�er resection to avoid any degradation of the cell metabolism. 
A�er imaging, the samples were directly transferred to the neuropathology department for histological evalu-
ation. �e pathologists established the tumor diagnosis for each patient according to the current World Health 
Organization (WHO)  criteria51. �e samples were further classi�ed into (i) compact tumor tissue, (ii) necrosis, 
(iii) in�ltration zones, i.e., brain parenchyma with di�usely in�ltrating tumor cells, (iv) reactive parenchyma, i.e., 
brain parenchyma with reactive changes such as astrogliosis or signi�cant macrophage in�ltration but without 
clear-cut tumor cell in�ltration and (v) non-pathological parenchyma, i.e., brain parenchyma without signi�cant 
reactive changes (other than mild edema) and without tumor cell in�ltration.
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Fluorescence lifetime imaging. Imaging was performed on a custom built long working distance 
(250  mm) �uorescence lifetime microscope using a modulated 405  nm laser and a dedicated time-of-�ight 
camera (pco.FLIM, pco AG, Germany) as previously reported by Erkkilä et al21. �e camera was controlled by 
a proprietary microscopy so�ware (NIS Elements, Nikon Instruments Europe BV, Netherlands) with an inte-
grated pco.FLIM plugin o�ered by the camera manufacturer. �e large �eld of view of 11 × 11  mm2 as well as 
the extended working distance were speci�cally chosen to meet the speci�cations of commercial neurosurgi-
cal microscopes. In brief, the modulated continuous wave laser excites the �uorophores like NADH and PPIX 
which respond by emitting �uorescence at the same frequency but with a lifetime dependent phase delay. �e 
camera detects this phase delay by storing the generated photo-electrons in two separate charge bins depending 
on whether the laser is on or o� over the full exposure time. �e ratio between both bins can then be used to 
reconstruct the phase delay as well as the amplitude ratio (known as modulation depth) between excitation laser 
and the �uorescence signal. �e camera acquires a total of 16 frames at di�erent time delays of the excitation 
laser to reconstruct the �uorescence phase delay. A reference target with a known lifetime is then used to refer-
ence the system and convert the phase into lifetime maps. Note that we only computed the �uorescence lifetime 
from the phase delay and did not include the modulation depth. �e �uorescence was �ltered using a (466 ± 20) 
nm and (665 ± 75) nm bandpass �lter for NADH and PPIX, respectively. Both PPIX and NADH lifetime maps 
were acquired sequentially at the same position by switching the emission �lter in front of the camera. �e 
modulation frequency of the laser was �xed to f = 10 MHz which is optimized for τopt = 1/(2π f ) = 15.9  ns52 as 
PPIX exhibits a native lifetime of around 16  ns37,38. An acquisition including processing took maximum 7 s for 
the longest exposure time setting of 400 ms at an incident laser power of 50 mW/cm2. �e exposure time was set 
individually for each sample and �uorescence channel (NADH/PPIX) and was optimized in the way to integrate 
as long as possible while avoiding saturation of single pixels. To validate the system a cuvette with PPIX dissolved 
in DMSO (1 µg/ml) was measured and a �uorescence lifetime of (16.4 + /−1.0) ns was obtained, which was in 
good agreement with  literature21,38.

Post processing for statistical analysis. As most samples were smaller than the full �eld of view, we 
manually segmented the areas containing tissue in both NADH and PPIX lifetime maps with an image process-
ing program (ImageJ). All values outside the segmented area did not contribute to the further analysis. �ese 
segmented maps were then imported into MATLAB where a mask was applied to remove outliers. �is con-
sisted of limiting the lifetime to meaningful values (NADH < 5 ns; PPIX < 17 ns) as well as discarding pixels with 
intensity values below the average background noise �oor. �e threshold values of 5 ns and 17 ns for NADH 
and PPIX, respectively, were chosen based on the highest �uorescence lifetimes expected. For NADH, the aver-
age �uorescence lifetime is always given by a ratio of free and bound NADH, thus, it is always shorter than the 
�uorescence lifetime of pure enzyme bound  NADH25. �e values of bound NADH are mostly in the range of 
1–4  ns25,53, thus, a threshold set at around 5 ns seemed reasonable. On the other hand, pure PPIX in solvent has 
a �uorescence lifetime of around 16  ns21,38 which should be the maximum value observable. As the tissue pieces 
di�ered in size we applied a normalization step to assure that every sample is contributing equally to the average 
lifetime. �is normalization step consisted in automatically choosing 100 random pixels within the segmented 
lifetime maps for each sample and extracting the lifetime values for NADH and PPIX only from these points. 
�ereby, each sample had 100 representative �uorescence NADH and PPIX lifetime values for further statistical 
analysis regardless of the original physical size of the tissue.

Statistical analysis. For each sample we averaged the 100 randomly selected points and labeled this value 
with the corresponding tissue type, PPIX �uorescence visibility and tumor entity/grade. We then computed the 
median as well as the quantiles at 25% and 75% for all unique labels and performed two-tailed Mann–Whitney 
U-tests (α = 5%) between groups to check for statistical signi�cance. �e choice of a non-parametric test was 
based on the low number of samples in certain groups.

Classification. We additionally used our NADH and PPIX �uorescence lifetimes and fed them to a machine 
learning based classi�er (Classi�cation learner app, MATLAB) to predict the tumor entity/grade as well as the 
tissue type. As our data mainly consisted of high grade gliomas and very few low grade samples we opted for 
random under-sampling (RUS) boosted decision  trees54 which are designed to handle class imbalance. Here, we 
used the full 100 randomly selected �uorescence lifetimes over each sample to increase the number of observa-
tions leading to a total 4200 lifetime value pairs for NADH and PPIX �uorescence. �e classi�er was trained 
using a �vefold cross-validation where the partition was patient unspeci�c, meaning multiple samples from a 
single patient are treated equally as a patient with a single sample. Although this approach tends to over-�t due 
to the presence of correlated data of the same source in both the training and test data set, we accepted this, as 
otherwise it would have resulted in only a few training samples for the smallest classes.

Phasor plot analysis. For the phasor analysis we analyzed the raw data from our �uorescence lifetime 
measurements to obtain the �uorescence modulation depth and the phase delay relative to the excitation. �e 
modulation depth is the normalized amplitude ratio between the excitation and �uorescence light. �ese two 
values were then combined to compute the  phasors36 where the modulation corresponds to the length of the 
vector and the phase delay to the angle relative to the x-axis. If the �uorescence decay is mono-exponential 
all phasors lie on a single point on a semi-circle with the same radius or modulation depth. A bi-exponential 
decay is characterized by a line crossing the semi-circle at the short and long �uorescence lifetime components. 
Although the phasor analysis is a powerful tool to interpret complex �uorescence decays, it must be noted that 
a single �uorescence lifetime can only be attributed to phasors which lie on the semi-circle. While quantitative 
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phasor analysis of NADH has recently been  shown53, we only performed a qualitative analysis of the �uorescence 
decay based on the phasor plots.

Data availability
�e �uorescence intensity and lifetime maps as well as data analysis scripts generated during the current study 
are available from the corresponding author on reasonable request.

Received: 12 September 2019; Accepted: 5 November 2020

References
 1. Ray, S., Bonafede, M. M. & Mohile, N. A. Treatment patterns, survival, and healthcare costs of patients with malignant gliomas in 

a large US commercially insured population. Am. Health Drug Bene�ts 7, 140–149 (2014).
 2. Norden, A. D. et al. A real-world claims analysis of costs and patterns of care in treated patients with glioblastoma multiforme in 

the united states. J. Manag. Care Spec. Pharm. 25, 428–436 (2019).
 3. Sanai, N., Polley, M.-Y., McDermott, M. W., Parsa, A. T. & Berger, M. S. An extent of resection threshold for newly diagnosed 

glioblastomas: Clinical article. J. Neurosurg. 115, 3–8 (2011).
 4. DSouza, A. V., Lin, H., Henderson, E. R., Samkoe, K. S. & Pogue, B. W, ,. Review of �uorescence guided surgery systems: identi�ca-

tion of key performance capabilities beyond indocyanine green imaging. J. Biomed. Opt. 21, 080901 (2016).
 5. Valdés, P. A., Roberts, D. W., Lu, F.-K. & Golby, A. Optical technologies for intraoperative neurosurgical guidance. Neurosurg. 

Focus 40, 8 (2016).
 6. Stummer, W. et al. Fluorescence-guided surgery with 5-aminolevulinic acid for resection of malignant glioma: a randomised 

controlled multicentre phase III trial. Lancet Oncol. 7, 392–401 (2006).
 7. Sachar, M., Anderson, K. E. & Ma, X. Protoporphyrin IX: the Good, the Bad, and the Ugly. J. Pharmacol. Exp. �er. 356, 267–275 

(2016).
 8. Schucht, P. et al. 5-ALA complete resections go beyond MR contrast enhancement: shi� corrected volumetric analysis of the extent 

of resection in surgery for glioblastoma. Acta Neurochir. (Wien) 156, 305–312 (2014).
 9. Hadjipanayis, C. G., Widhalm, G. & Stummer, W. What is the surgical bene�t of utilizing 5-aminolevulinic acid for �uorescence-

guided surgery of malignant gliomas?. Neurosurgery 77, 663–673 (2015).
 10. Stepp, H. & Stummer, W. 5-ALA in the management of malignant glioma: 5-ALA IN MALIGNANT GLIOMAS. Lasers Surg. Med. 

50, 399–419 (2018).
 11. Widhalm, G. et al. 5-Aminolevulinic acid is a promising marker for detection of anaplastic foci in di�usely in�ltrating gliomas 

with nonsigni�cant contrast enhancement. Cancer 116, 1545–1552 (2010).
 12. Kamp, M. A. et al. 5-Aminolevulinic acid (5-ALA)-induced �uorescence in intracerebral metastases: a retrospective study. Acta 

Neurochir. (Wien) 154, 223–228 (2012).
 13. Utsuki, S. et al. Fluorescence-guided resection of metastatic brain tumors using a 5-aminolevulinic acid-induced protoporphyrin 

IX: pathological study. Brain Tumor. Pathol. 24, 53–55 (2007).
 14. Jaber, M. et al. Is Visible aminolevulinic acid-induced �uorescence an independent biomarker for prognosis in histologically 

con�rmed (World Health Organization 2016) low-grade gliomas?. Neurosurgery 84, 1214–1224 (2018).
 15. Montcel, B., Mahieu-Williame, L., Armoiry, X., Meyronet, D. & Guyotat, J. 5- ALA−induced PpIX �uorescence emission spectrum 

in low grade gliomas and in the in�ltrative component of glioblastomas. in Biomedical Optics BS3A–2 (Optical Society of America, 
2014).

 16. Jermyn, M. et al. Improved sensitivity to �uorescence for cancer detection in wide-�eld image-guided neurosurgery. Biomed. Opt. 
Express 6, 5063 (2015).

 17. Widhalm, G. et al. �e value of visible 5-ALA �uorescence and quantitative protoporphyrin IX analysis for improved surgery of 
suspected low-grade gliomas. J. Neurosurg. 1, 1–10 (2019).

 18. Bravo, J. J. et al. Hyperspectral data processing improves PpIX contrast during �uorescence guided surgery of human brain tumors. 
Sci. Rep. 7, 1–13 (2017).

 19. Alston, L., Rousseau, D., Hebert, M. & Mahieu-Williame, L. Nonlinear relation between concentration and �uorescence emission 
of protoporphyrin IX in calibrated phantoms. J. Biomed. Opt. 23, 1 (2018).

 20. Alston, L. et al. Spectral complexity of 5-ALA induced PpIX �uorescence in guided surgery: a clinical study towards the discrimi-
nation of healthy tissue and margin boundaries in high and low grade gliomas. Biomed. Opt. Express 10, 2478–2492 (2019).

 21. Erkkilä, M. T. et al. Wide�eld �uorescence lifetime imaging of protoporphyrin IX for �uorescence-guided neurosurgery: An ex vivo 
feasibility study. J. Biophotonics 12, e201800378 (2019).

 22. Becker, W. Fluorescence lifetime imaging-techniques and applications: �uorescence lifetime imaging. J. Microsc. 247, 119–136 
(2012).

 23. Berezin, M. Y. & Achilefu, S. Fluorescence lifetime measurements and biological imaging. Chem. Rev. 110, 2641–2684 (2010).
 24. Penzkofer, A. & Lu, Y. Fluorescence quenching of rhodamine 6G in methanol at high concentration. Chem. Phys. 103, 399–405 

(1986).
 25. Schaefer, P. M., Kalinina, S., Rueck, A., von Arnim, C. A. F. & Einem, B. V. NADH auto�uorescence: a marker on its way to boost 

bioenergetic research. Cytometry A 95, 34–46 (2019).
 26. Sun, Y. et al. Fluorescence lifetime imaging microscopy for brain tumor image-guided surgery. J. Biomed. Opt. 15, 056022 (2010).
 27. Marcu, L. et al. Fluorescence lifetime spectroscopy of glioblastoma multiforme. Photochem. Photobiol. 80, 98–103 (2004).
 28. Kantelhardt, S. R. et al. In vivo multiphoton tomography and �uorescence lifetime imaging of human brain tumor tissue. J. Neu-

rooncol. 127, 473–482 (2016).
 29. Moreno-Sánchez, R., Rodríguez-Enríquez, S., Marín-Hernández, A. & Saavedra, E. Energy metabolism in tumor cells. FEBS J. 

274, 1393–1418 (2007).
 30. Sun, S. et al. R406 elicits anti-Warburg e�ect via Syk-dependent and -independent mechanisms to trigger apoptosis in glioma stem 

cells. Cell Death Dis. 10, 1–16 (2019).
 31. Liberti, M. V. & Locasale, J. W. �e Warburg e�ect: How does it bene�t cancer cells?. Trends Biochem. Sci. 41, 211–218 (2016).
 32. Shirmanova, M. V. et al. Interrogation of glioma metabolism on macroscale by FLIM. in Multiphoton Microscopy in the Biomedical 

Sciences XIX (eds. Periasamy, A., So, P. T. & König, K.) 8 (SPIE, 2019). doi:https ://doi.org/10.1117/12.25114 75.
 33. Kathagen, A. et al. Hypoxia and oxygenation induce a metabolic switch between pentose phosphate pathway and glycolysis in 

glioma stem-like cells. Acta Neuropathol. (Berl.) 126, 763–780 (2013).
 34. Stadlbauer, A. et al. Intratumoral heterogeneity of oxygen metabolism and neovascularization uncovers 2 survival-relevant sub-

groups of IDH1 wild-type glioblastoma. Neuro-Oncol. 20, 1536–1546 (2018).
 35. Yang, X., Palasuberniam, P., Kraus, D. & Chen, B. Aminolevulinic acid-based tumor detection and therapy: molecular mechanisms 

and strategies for enhancement. Int. J. Mol. Sci. 16, 25865–25880 (2015).

https://doi.org/10.1117/12.2511475


14

Vol:.(1234567890)

Scientific Reports |        (2020) 10:20492  | https://doi.org/10.1038/s41598-020-77268-8

www.nature.com/scientificreports/

 36. Digman, M. A., Caiolfa, V. R., Zamai, M. & Gratton, E. �e phasor approach to �uorescence lifetime imaging analysis. Biophys. J. 
94, L14–L16 (2008).

 37. Yeh, S.-C., Patterson, M., Hayward, J. & Fang, Q. Time-resolved �uorescence in photodynamic therapy.  Photonics 1, 530–564 
(2014).

 38. Russell, J. A. et al. Characterization of �uorescence lifetime of photofrin and delta-aminolevulinic acid induced protoporphyrin 
ix in living cells using single- and two-photon excitation. IEEE J. Sel. Top. Quantum Electron. 14, 158–166 (2008).

 39. Kantelhardt, S. R. et al. Multiphoton excitation �uorescence microscopy of 5-aminolevulinic acid induced �uorescence in experi-
mental gliomas. Lasers Surg. Med. 40, 273–281 (2008).

 40. Trinh, A. et al. Tracking functional tumor cell subpopulations of malignant glioma by phasor �uorescence lifetime imaging 
microscopy of NADH. Cancers 9, 168 (2017).

 41. Rück, A., Dolp, F., Hülsho�, C., Hauser, C. & Scal�-Happ, C. Fluorescence lifetime imaging in PDT: an overview.  Med. Laser Appl. 
2, 125–129 (2005).

 42. Dysli, C. et al. Fluorescence lifetime imaging ophthalmoscopy. Prog. Retin. Eye Res. 60, 120–143 (2017).
 43. Yong, W. et al. Distinction of brain tissue, low grade and high grade glioma with time-resolved �uorescence spectroscopy. Front. 

Biosci. 11, 1255 (2006).
 44. Shcheslavskiy, V. I. et al. Fluorescence time-resolved macroimaging. Opt. Lett. 43, 3152–3155 (2018).
 45. Ludtmann, M. H. R., Angelova, P. R., Zhang, Y., Abramov, A. Y. & Dinkova-Kostova, A. T. Nrf2 a�ects the e�ciency of mitochon-

drial fatty acid oxidation. Biochem. J. 457, 415–424 (2014).
 46. Bartolomé, F. & Abramov, A. Y. Measurement of mitochondrial NADH and FAD auto�uorescence in live cells. in Mitochondrial 

Medicine: Volume I, Probing Mitochondrial Function (eds. Weissig, V. & Edeas, M.) 263–270 (Springer New York, 2015). https ://
doi.org/10.1007/978-1-4939-2257-4_23.

 47. Skala, M. C. et al. In vivo multiphoton microscopy of NADH and FAD redox states, �uorescence lifetimes, and cellular morphology 
in precancerous epithelia. Proc. Natl. Acad. Sci. 104, 19494–19499 (2007).

 48. Huang, S., Heikal, A. A. & Webb, W. W. Two-photon �uorescence spectroscopy and microscopy of NAD(P)H and �avoprotein. 
Biophys. J. 82, 2811–2825 (2002).

 49. Hansson, E. & Vällfors, B. A study of irrigation �uids for neurosurgery on brain primary cell cultures. Experientia 36, 64–65 (1980).
 50. Walsh, A. J., Poole, K. M., Duvall, C. L. & Skala, M. C. Ex vivo optical metabolic measurements from cultured tissue re�ect in vivo 

tissue status. J. Biomed. Opt. 17, 116015 (2012).
 51. Louis, D. N. et al. �e 2016 World Health Organization Classi�cation of Tumors of the Central Nervous System: a summary. Acta 

Neuropathol. (Berl.) 131, 803–820 (2016).
 52. Franke, R. & Holst, G. A. Frequency-domain �uorescence lifetime imaging system (pco.�im) based on a in-pixel dual tap control 

CMOS image sensor. in Imaging, Manipulation, and Analysis of Biomolecules, Cells, and Tissues XIII vol. 9328 93281K (International 
Society for Optics and Photonics, 2015).

 53. Ranjit, S., Malacrida, L., Stakic, M. & Gratton, E. Determination of the metabolic index using the �uorescence lifetime of free and 
bound nicotinamide adenine dinucleotide using the phasor approach. J. Biophotonics 12, e201900156 (2019).

 54. Sei�ert, C., Khoshgo�aar, T. M., Van Hulse, J. & Napolitano, A. RUSBoost: Improving classi�cation performance when training 
data is skewed. in 2008 19th International Conference on Pattern Recognition 1–4 (IEEE, 2008).

Acknowledgements
Part of this work has been presented at a poster session at the 17th IPA World Congress in Boston, USA. We 
thank Aner Gurvitz, Gerhard Holst, Martin Borkovec and Hannes Stegmann for fruitful discussions and support.

Authors contributions
M.T.E., W.D., R.L. and G.W. initiated the project. G.W. performed tumor resection. M.T.E. and D.R. performed 
all lifetime measurements under supervision of A.U. and M.A. B.K. and P.A.M. organized and lead the biopsy 
handling as well as transportation. J.G., T.R. and A.W. performed the histopathological analyses. M.T.E. and 
A.R. analyzed the data. M.T.E. and G.W. wrote the dra�. All authors revised and approved the �nal version of 
the manuscript.

Funding
�is project has received funding from the EU Horizon 2020 research and innovation program (MSCA grant 
721766), the European Research Council (ERC StG 640396 OPTIMALZ) and the Austrian Science Fund (FWF 
KLIF 394). T.R. is recipient of a DOC Fellowship of the Austrian Academy of Sciences at the Institute of Neurol-
ogy (25262). �e �nancial support by the Austrian Federal Ministry for Digital and Economic A�airs and the 
National Foundation for Research, Technology and Development is gratefully acknowledged.

Competing interests 
�e authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.A.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional a�liations.

https://doi.org/10.1007/978-1-4939-2257-4_23
https://doi.org/10.1007/978-1-4939-2257-4_23
www.nature.com/reprints


15

Vol.:(0123456789)

Scientific Reports |        (2020) 10:20492  | https://doi.org/10.1038/s41598-020-77268-8

www.nature.com/scientificreports/

Open Access  �is article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. �e images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© �e Author(s) 2020

http://creativecommons.org/licenses/by/4.0/

	Macroscopic fluorescence-lifetime imaging of NADH and protoporphyrin IX improves the detection and grading of 5-aminolevulinic acid-stained brain tumors
	Results
	Visible PPIX fluorescence is correlated to increased PPIX fluorescence lifetime. 
	PPIX lifetime imaging distinguishes between tumor tissue types. 
	Altered NADH lifetimes are characteristic for reactive brain parenchyma and necrotic tumor tissue. 
	Combined NADHPPIX lifetime imaging allows classification of tissue grade and types. 
	Phasor analysis reveals bi-exponential decay of PPIX in tissue. 

	Discussion
	Materials and methods
	Study design. 
	Fluorescence lifetime imaging. 
	Post processing for statistical analysis. 
	Statistical analysis. 
	Classification. 
	Phasor plot analysis. 

	References
	Acknowledgements


