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Localization of protoporphyrin IX 
during glioma-resection surgery via 
paired stimulated Raman histology and 
fluorescence microscopy

The most widely used fluorophore in glioma-resection surgery, 
5-aminolevulinic acid (5-ALA), is thought to cause the selective accumulation 
of fluorescent protoporphyrin IX (PpIX) in tumour cells. Here we show 
that the clinical detection of PpIX can be improved via a microscope that 
performs paired stimulated Raman histology and two-photon excitation 
fluorescence microscopy (TPEF). We validated the technique in fresh tumour 
specimens from 115 patients with high-grade gliomas across four medical 
institutions. We found a weak negative correlation between tissue cellularity 
and the fluorescence intensity of PpIX across all imaged specimens. 
Semi-supervised clustering of the TPEF images revealed five distinct 
patterns of PpIX fluorescence, and spatial transcriptomic analyses of the 
imaged tissue showed that myeloid cells predominate in areas where PpIX 
accumulates in the intracellular space. Further analysis of external spatially 
resolved metabolomics, transcriptomics and RNA-sequencing datasets 
from glioblastoma specimens confirmed that myeloid cells preferentially 
accumulate and metabolize PpIX. Our findings question 5-ALA-induced 
fluorescence in glioma cells and show how 5-ALA and TPEF imaging can 
provide a window into the i mm une m ic ro en vi ro nment of gliomas.

The optimal surgical care of patients with glioma requires a careful 
balance between maximal tumour resection and the preservation of 
neurologic function. Fluorescence guidance with 5-aminolevulinic 
acid (5-ALA) is one of the most well-studied and evidence-supported 
approaches for maximizing extent of resection in patients with 
high-grade glioma (HGG)1–3. The use of 5-ALA increases the chances for 
radiographically complete tumour resection, the clinical gold standard 
in glioma surgery, by 63–89% (refs. 1,3–7).

The best published evidence in patients with glioblastoma (GBM) 
suggests that 5-ALA-induced fluorescence is most intense in densely 
tumour-infiltrated tissue and decreases towards the tumour periph-
ery8,9. Unfortunately, widely employed techniques for visualization of 

5-ALA-induced fluorescence are limited by poor sensitivity, particularly 
at tumour margins10. Consequently, the negative predictive value of 
5-ALA-induced fluorescence in HGG has been estimated to be as low 
as 21%1,7,11–16.

Both cell-intrinsic factors such as altered haem metabolism and 
attributes of the brain tumour microenvironment are hypothesized to 
play a role in the 5-ALA-induced fluorescence in high-grade gliomas17. 
In vitro evidence suggests that 5-ALA causes fluorescence within glioma 
cells because of ferrochelatase dysfunction, which leads to intracellular 
accumulation of PpIX18–21. Several clinical studies point to a key role for 
blood–brain barrier breakdown in determining which tumours will 
visibly fluoresce due to protoporphyrin IX (PpIX) accumulation22,23. 
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tumour infiltration behind an intact blood–brain barrier. Low levels 
of 5-ALA-induced fluorescence at glioma margins and in tumours 
with mild to moderate cellularity are thought to occur because of the 
challenge of detecting increasingly sparse fluorescing tumour cells in 
which there is a low level of PpIX accumulation24.

Intriguingly, 5-ALA-induced tumour cell fluorescence in 
5-ALA-treated glioma tissue has not been well documented25. Previ-
ously, we developed and validated a US Food and Drug Administration 

Accordingly, fluorescence observed in patients with 5-ALA-treated 
glioma is hypothesized to reflect both intracellular PpIX accumulation 
within tumour cells and local blood–brain barrier breakdown.

Indeed, bright 5-ALA-induced fluorescence is highly predictive 
for the presence of tumour infiltration10. Brain tissue infiltrated by a 
higher concentration of tumour cells, especially in regions where there 
is blood–brain barrier breakdown, would therefore be hypothesized 
to fluoresce more strongly than brain tissue with a lesser degree of 
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Fig. 1 | Engineering a paired SRH/TPEF microscope. Building on an existing 
fibre laser-based microscope developed for clinical stimulated Raman scattering 
microscopy, we developed a paired SRH/TPEF microscope. a, Excitation impulses 
(790 and 1,010–1,040 nm) are generated by a fibre laser and employed to induce 
both stimulated Raman scattering, collected in transmission via a photodiode, 
and TPEF, collected in reflection, filtered as shown and detected with two 

high-sensitivity photomultiplier tubes. b, SRH and TPEF images are displayed 
with the same fields of view in a split-screen format. c, The ranges of emission 
detected by PMT1 (602–677 nm, red), PMT2 (568–611 nm, green) as well as their 
overlap (yellow) are shown on a graph depicting the emission spectra of PpIX 
and autofluorophors NADH, flavins and lipofuscin. d, Fluorescence intensity 
increases in a dose-dependent manner with increasing PpIX concentration.
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(FDA)-registered clinical stimulated Raman histology (SRH) micros-
copy system to streamline the process for accessing histologic data 
in the operating room26–29. SRH is achieved in the operating room 
through the use of an Er-Yb fibre laser that can also be utilized to induce 
two-photon fluorescence. We hypothesized that creating a bifunctional 
imaging system capable of performing both SRH and two-photon fluo-
rescence (TPEF) microscopy at precisely the same spatial coordinates 
within tissue specimens would offer an unprecedented opportunity 
to directly visualize the microscopic localization of PpIX in human 
brain tumours. In addition, the utilization of two-photon microscopic 
techniques enables optical sectioning in fresh human specimens, mini-
mizing the decay of PpIX signal that can be caused by photobleaching 
and chemical degradation.

Our study in 115 patients with high-grade glioma yielded sev-
eral unexpected findings. We noted that tissue cellularity does not 
have a direct relationship with 5-ALA-induced fluorescence and that 
only a subset of imaged cells concentrated PpIX. Semi-supervised 
clustering of TPEF images demonstrated five different patterns of 
PpIX fluorescence. We conducted spatial transcriptomics on tis-
sue imaged with the SRH/TPEF microscope, and we noted that PpIX 
accumulates most avidly in cells of myeloid origin, morphologically 
consistent with tumour-associated macrophages. We verified the 
observation that PpIX accumulation occurred in tumour-associated 
macrophages using external datasets of spatially resolved metabo-
lomics and RNA sequencing. Our data therefore create the possibil-
ity of a tumour-cell-independent mechanism for PpIX accumulation 
in human brain tumours. This study also shows how innovations in 
optics can advance our understanding of the cellular biodistribu-
tion of clinical fluorophores and offer a novel means of imaging the 
tumour–immune milieu.

Results
Engineering a multimodal optical system for SRH and TPEF
We modified an existing, FDA-registered clinical system for stimulated 
Raman histology (Fig. 1a,b) by adding a two-channel epifluorescence 
module to allow simultaneous detection of SRH and PpIX fluores-
cence from the same optical section in fresh human brain tumour 
specimens. Stimulated Raman scattering (SRS) is excited with a cus-
tom dual-wavelength picosecond (2–3 ps) fibre laser source with a 
fixed wavelength pump beam at 790 nm and a Stokes beam tunable 
from 1,010 nm to 1,040 nm30. SRS is detected in transmission mode 
with a large area photodiode (PD). As described previously28, we com-
bine high-frequency lock-in detection at 10 MHz with high-speed 
auto-balanced detection to achieve high detection sensitivity. We use 
a high-NA water-immersion objective lens (Olympus ×25/1.05NA) to 
achieve high resolution in tissue specimens. For SRH, we image the sam-
ple sequentially at 2,845 cm−1 to detect primarily lipids and at 2,940 cm−1 
to detect primary protein and DNA, and apply a pseudo-colour scheme 
that mimics traditional haematoxylin and eosin (H&E) staining28.

Two-photon fluorescence is generated by the same excitation 
beams used to achieve stimulated Raman scattering (Fig. 1a). We use a 
700 nm long-pass dichroic (Edmund Optics, 69-903) to direct the epi-
fluorescence signal towards the dual-channel detector. The emission 
is filtered with a high-optical-density 700-nm short-pass filter (Thor-
labs, FESH0700), split with a 50/50 beam splitter (Thorlabs BSW10R), 
filtered with a 640/75 nm (Edmund Optics, 67-022) and 590/43 nm 
band-pass filter (Edmund Optics, 67-020), and detected with two 
high-sensitivity photomultiplier tube (PMT) detectors (Hamamatsu, 
H10723-20), respectively. The two emission bands were chosen to 
match the 640 nm emission peak of PpIX and to be distinct but spec-
trally close to detect autofluorescence from species such as lipofuscin, 
NADH and elastin (Fig. 1c).

We detected the output from the PMT detector with two 
low-frequency analogue-to-digital (ADC) detectors and display the 
640 nm signal from PpIX and autofluorescent specimens in red, and 

the 590 nm signal from primarily autofluorescent specimens in green 
(Fig. 1c). As a result, autofluorescence appears in hues of yellow and 
green depending on the specific emission ratio, while signal in the red 
channel is primarily driven by the presence of PpIX. We display both 
the multiwavelength fluorescence and SRH images, and display images 
from the same optical section side-by-side. The images are linked to 
enable zoom/pan functionality, allowing for a quick correlation of the 
images during surgery (Fig. 1b and Supplementary Videos 1–5).

Experimentally, we determined that the PpIX fluorescence was 
maximal when both the 790 nm and 1,030 nm beams were present in 
the sample. However, this condition also creates coherent anti-Stokes 
Raman scattering (CARS) at 641 nm, which coincidentally falls into 
the 640 nm emission band and overwhelms the weaker PpIX signal. 
For this reason, we detuned the time delay between the 790 nm and 
1,030 nm beams, such that CARS is no longer generated, but TPEF from 
790 nm and 1,030 nm is generated independently and measured with 
the 640 nm detector. We therefore modified the excitation sequence, 
in which we first image the sample with SRS at 2,845 cm−1, then with 
SRS at 2,930 cm−1 and finally with TPEF, essentially scanning the same 
image strip three times. The order of this sequence is reversed during 
consecutive strips to minimize laser tuning and optimize imaging 
speed (that is, the TPEF is detected first for every other strip). Striping is  
not visible in the stitched images, indicating that photobleaching does 
not present a major issue in this acquisition scheme.

Performance of paired SRH/TPEF microscope in standards 
and tissue
We validated the multimodal imaging system by measuring the fluo-
rescence intensity of serial dilutions of soluble PpIX at known concen-
trations with a scattering medium that mimics brain tissue31 (Fig. 1d) 
and without a scattering medium (Supplementary Fig. 1) and found 
that 0.5 μg PpIX ml−1 was the threshold for detection (Fig. 1d and Sup-
plementary Fig. 1). As expected, fluorescence intensity increased with 
increasing PpIX concentration between 0.5 and 221.7 μg ml−1 in a scat-
tering medium (Fig. 1d), a range that mirrors the concentration of PpIX 
clinically encountered in tumour-infiltrated tissue from patients with 
glioma receiving 5-ALA32.

We then evaluated the ability of the SRH/TPEF microscope to 
visualize PpIX in brain tumour specimens from patients treated with 
5-ALA before resection or biopsy of suspected high-grade glioma. We 
noted that the SRH/TPEF microscope produced SRH images acquired 
at the 2,845 cm−1 and 2,930 cm−1 Raman shifts of comparable character 
to previous SRH microscopes without the TPEF module, and that the 
TPEF images could be acquired in corresponding fields of view (Fig. 2). 
Based on morphologic evaluation, it was possible to visualize the same 
tissue architecture and cytology in the SRH and TPEF images.

Clinical detection of PpIX in brain tumour tissue typically occurs 
via microscopes that excite PpIX at ~405 nm and detect emission at 
600–710 nm via a single-photon excitation fluorescence (SPEF). To 
ensure the comparable image generation between the conventional 
SPEF microscopes commonly employed in the operating room and 
the laboratory and the TPEF-based system we engineered, we used 
both techniques to image comparable optical sections from the same 
specimens (Fig. 2j, and Supplementary Figs. 2 and 3) and verified that 
the pattern of PpIX tissue distribution was comparable between SPEF 
and TPEF across a series of 30 specimens from 20 patients. We also 
measured the emission from 569 to 667 nm with 405 nm excitation 
of sectioned tumour specimens with SPEF and observed a spectral 
signature consistent with PpIX fluorescence with peak emission at 
630 nm (Supplementary Fig. 2). We also performed a photobleaching 
experiment with SPEF confocal microscopy to confirm that the areas of 
signal intensity and patterns attributed to PpIX fluorescence decayed 
with exposure to 405 nm excitation, while the areas with high signal 
intensity and patterns attributed to autofluorescence do not (Sup-
plementary Figs. 4 and 5).
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Measuring the correlation of tissue cellularity and 
fluorescence
Both neoplastic and non-neoplastic cells contain endogenous fluo-
rophores33. To ensure that the observed fluorescence in PMT1 was 
specific to 5-ALA administration, we imaged tissue from 5 patients 
with high-grade glioma who had not received 5-ALA before resection. 
Importantly, in these cases, all fluorescing structures exhibited signal 
in both channels (rather than solely in PMT1, as would be expected for 
PpIX) suggesting that the fluorescence was due to intrinsic autofluo-
rescent species (Supplementary Fig. 6).

Having validated the performance of the SRH/TPEF imaging sys-
tem in PpIX solutions and a small number of human control specimens, 
we sought to systematically evaluate PpIX distribution in a cohort of 
patients with high-grade glioma treated with 5-ALA (n = 115, Supple-
mentary Table 1). The multimodal optical microscope we developed 
offered a unique opportunity to quantitatively study the relationship 
between tissue cellularity and fluorescence in high-grade gliomas. To 
make the best use of the complete microscopic imaging dataset we col-
lected, we utilized QuPath’s validated cell-detection module34 to count 
all cells (n = 2,504,733 cells, Fig. 3a) in all imaged specimens (total area 
of 3,175.5 mm2) and developed a method for fluorescence quantifica-
tion in the imaged specimens (Fig. 3b). To quantify the fluorescence of 
PpIX, the signal from the PMT2 channel was regularized and subtracted 
from the PMT1 channel.

We noted a wide range of cellularity (average: 744 cells per mm2, 
range: 285–1,506 cells per mm2) and fluorescence intensity among 
the specimens identified by operating surgeons as lesional and/or 
fluorescent during surgery (Supplementary Fig. 7). Using regression 
analysis of our entire dataset, we also noted that there was a weak 
negative correlation between fluorescence intensity and cellularity 
(R = −0.22, Fig. 3b,c).

Defining patterns of PpIX accumulation in high-grade glioma 
tissue
Given the unexpected lack of correlation between cellularity and tis-
sue fluorescence, we sought to better understand the distribution 
of PpIX in high-grade glioma tissue by characterizing the patterns of 
PpIX accumulation. PpIX appeared to accumulate in distinct patterns 

in both extracellular and intracellular spaces. Accumulation occurred 
to a variable degree both within individual specimens (Supplemen-
tary Fig. 8) and among patients (Fig. 4 and Supplementary Fig. 7). To 
objectively classify the diverse array of patterns of PpIX accumula-
tion, we employed semi-supervised imaging clustering by combining 
representative and end-to-end learning techniques to identify distinct 
patterns and quantify their prevalence among patients (Fig. 4a). The 
semi-supervised clustering revealed a stable separation of five PpIX 
patterns (Fig. 4b). Generally, there were three patterns of extracellular 
PpIX accumulation: (1) primarily autofluorescence, (2) diffuse dim 
PpIX fluorescence or (3) diffuse bright PpIX fluorescence (Fig. 4b,c). 
Intracellular concentration of PpIX occurred in two patterns, including: 
(1) fibre-like accumulation (2,577/1,080,412 or 0.2% of fields of views, 
Supplementary Fig. 9) and (2) cellular accumulation (187,477/1,080,412 
or 17.4% fields of view, Supplementary Figs. 10 and 11) (Fig. 4b,c). PpIX 
pattern prediction heat maps demonstrate the interpretability of our 
classification and the heterogeneity within a tumour specimen (Fig. 4d). 
A linear regression was fit to model fluorescence intensity in each patch 
as a function of the probabilities of the patch belonging to autofluores-
cence, diffuse dim, diffuse bright, cellular and fibre-like patterns, which 
explained 74.5% of the variance in fluorescence intensity. There was a 
significant association between the patterns and fluorescence, with  
the diffuse bright and fibre-like pattern being positively correlated 
with fluorescence intensity and the autofluorescence, diffuse dim and 
cellular patterns being negatively correlated with fluorescence inten-
sity (Supplementary Table 2). To better understand the variability in 
observed fluorescence, we examined a number of clinical variables 
with potential influence on the degree of observed fluorescence in 
study patients: the interval between 5-ALA dosing and specimen imag-
ing (Extended Data Fig. 1), proportion of enhancing tumour, pattern 
of enhancement and Ki-67 index35. Using a linear fixed effects model, 
none of these variables were found to correlate with the measured 
fluorescence intensity of PpIX (Supplementary Table 3).

Identifying the cells concentrating PpIX in human brain 
tumours
Abundant evidence demonstrates intracellular accumulation of PpIX 
within glioma cell lines after treatment with 5-ALA in culture18–21. 
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Fig. 2 | Paired SRH/TPEF imaging. a, The engineered microscope enables 
imaging of fresh human brain tumour specimens. b–e, For each field of view 
(100 μm scale), a 2,845 cm−1 stimulated Raman scattering image (revealing the 
distribution of CH2 bonds) (b) and a 2,930 cm−1 stimulated Raman scattering 
image (revealing the distribution of CH3 bonds) (c) are used to generate a 
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to conventional H&E staining (e). f–i, To image the 5-ALA-induced fluorescence 

in the same specimen that is visible with a Leica OH5 operating microscope (f), 
640 nm fluorescence (g) and 590 nm fluorescence (h) images are assigned to 
the red and green channels, respectively, to create a multichannel image that 
highlights the distribution of PpIX and autoflurophores (i). j, The two-photon 
excitation fluorescence image (i) demonstrates a distribution of PpIX similar 
to that of a single-photon excitation image (j) collected in the same specimen 
(patient 43).
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Notably, a definitive correlative study revealing PpIX within glioma 
cells in human tissues has not been reported. Intriguingly, an approach 
for PpIX visualization relying on light-sheet microscopy revealed accu-
mulation of PpIX in a small minority of cells, many of which were in 
the perivascular space36. The SRH/TPEF microscope we developed is 
particularly well suited for localization of PpIX in brain tumour tissue 
because it enables comparison of histomorphologic and fluorescent 
images of the same specimen in the same physical location with sub-
micron resolution (Supplementary Videos 1–5).

Although rare in our dataset, we noted that 130,044/2,504,733 cells 
accumulated PpIX in the cytoplasm and that they generally exhibited 
morphology more consistent with myeloid cells (such as microglia 
and macrophages) than with tumour cells, including reniform-shaped 
nuclei, a granular cytoplasmic appearance and variable cellular shape 
(including both spherical and elongated forms) (Supplementary 
Fig. 10). There was a high degree of variability in the abundance of 
cells with high intracellular PpIX fluorescence intensity among and 
within patients. However, cells with high intracellular PpIX fluorescence 
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density to PpIX intensity (a.u.), with individual cases organized by decreasing 
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Fig. 4 | Semi-supervised analysis of PpIX patterns in human gliomas. a, Tissue 
specimens from patients undergoing biopsy or resection for high-grade glioma 
were imaged using the SRH/TPEF microscope. Patches of the TPEF images were 
generated and used to train a convolutional neural network (CNN) encoder using 
semi-supervised learning for TPEF image feature embedding. The dimensionality 
of the latent space of the TPEF image embeddings was reduced using UMAP and 
the TPEF image embeddings were clustered using K-nearest neighbours (created 
with BioRender.com). b, Dimensional reduction of CNN-based deep-learning 
latent space via UMAP, highlighting the various PpIX patterns. Each point on the 
UMAP corresponds to a patch, with colours denoting distinct patterns.  
c, Exemplary images showcasing each identified PpIX pattern. The upper row 

presents SRH images, while the lower row displays PMT1 (red) and PMT2 (green) 
channels. d, A sample image featuring PMT1 (red) and PMT2 (green) channels 
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neurosurgical centres where the imaging was performed.
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intensity were observed either along blood vessels (Supplementary 
Fig. 11) or infiltrating among tumour cells in 110/115 patients in a pat-
tern consistent with the known distribution of myeloid cells within 
high-grade gliomas37.

Cytologic and histoarchitectural features led us to suspect that 
cells concentrating PpIX intracellularly were myeloid cells, a subset of 
tumour cells or pericytes. We therefore employed immunostaining for 
markers of M2-polarized macrophages (CD163+), astro-glial derived 
cells such as reactive astrocytes and tumour cells (GFAP+), and peri-
cytes (SMA+) in 5 cases (Extended Data Fig. 2)38. In these cases, we noted 
that the abundance and morphology of cells with intracellular PpIX 
accumulation mirrored that of CD163+ cells in the imaged specimens. 
We then evaluated the abundance of CD163 in the 45 study patients in 
which imaged tissue was available for CD163+ immunohistochemistry 
by comparing the degree of CD163 positivity to the quantity of cells 
concentrating PpIX within their cytoplasm. The abundance of cells 
concentrating PpIX within their cytoplasm was closely associated with 
quantified CD163 positivity (Extended Data Fig. 2). The difference in 
the number of cells concentrating PpIX in the cytoplasm was greatest 
between tissues with the greatest CD163 positivity and those with the 
least CD163 positivity (P = 0.002) but remained significant even when 
tissues with moderate CD163 positivity were compared to those with 
the least CD163 positivity (P = 0.02; Extended Data Fig. 2).

5-ALA-induced fluorescence in non-glial brain tumours has been 
previously reported39–43. Consequently, we hypothesized that PpIX 
might accumulate within CD163+ cells in non-glial tumours. In addi-
tion, there have been sporadic reports suggesting CD163 expression 
by glioma cells44. We examined tissue from three patients in whom 
5-ALA was administered given a suspicion for high-grade glioma but 
were ultimately diagnosed with diffuse large B-cell primary central 
nervous system lymphoma. As observed in the glioma patients in the 
study, in tissue from central nervous system lymphoma biopsies, there 
was abundant intracellular accumulation of PpIX in cells that mirrored 
the population of CD163+ macrophages, rather than in the neoplastic B 
lymphocytes, both in quantity and morphology (Extended Data Fig. 3).

Resolving the molecular characteristics of PpIX fluorescence 
patterns in accumulating cells
We hypothesized that the diverse PpIX patterns are connected to the 
spatial cellular and transcriptional heterogeneity in glioblastoma45,46. To 
explore the underlying cellular and transcriptional heterogeneity result-
ing in diverse PpIX patterns, we designed a multi-omic strategy that 
synergistically incorporates SRH/TPEF imaging and spatially resolved 
transcriptomics (n = 6). This approach facilitates congruent PpIX imag-
ing and transcriptomics, thereby providing a robust method for inves-
tigating the related biological functions. Specifically, tissue specimens 
were imaged using the SRH/TPEF microscope and subsequently embed-
ded in optimal cutting temperature (OCT) compound and processed for 
array-based spatial transcriptomics at a depth analogous to the SRH/
TPEF microscope imaging acquisition, and both H&E and PpIX images 
were co-registered using affine transformation (Fig. 5a).

The PpIX fluorescence patterns within tissue imaged via TPEF were 
ascertained through a pretrained residual neural network (Fig. 4a). 
These fluorescence patterns were compared to the distribution of vari-
ous cell types unveiled through the single-cell deconvolution of spatial 
transcriptomic data (Fig. 5b). The cellular PpIX fluorescence pattern 
aligned well with that of myeloid cells, while there was poor overlap with 
the distribution of malignant cells (Fig. 5b). Gene ontology analysis of 
differentially expressed genes in disparate regions indicated that the 
cellular PpIX fluorescence pattern robustly correlates with antigen 
presentation and processing, indicating immunologically enriched 
niches. (Fig. 5c). Moreover, the fibre-like pattern was correlated with 
the abundance of astrocyte-like tumour cells, which are implicated in 
the formation of tumour networks. Functional enrichment analysis 
substantiated the association between fibre-like patterns, hypoxia 

response and metabolic stress signatures (Fig. 5c). Quantification of 
the average percentage of each cell type for each spatial transcriptomic 
spot revealed that myeloid cells were the predominant cell type in the 
cellular and mixed cellular/fibre-like PpIX fluorescence patterns. In 
contrast, astrocyte-like tumour cells were the predominant cell type 
in the fibre-like and diffuse bright PpIX fluorescence patterns (Fig. 5d).

Protoporphyrin IX is enriched in the myeloid cell population
To confirm the observation of elevated PpIX fluorescence intensity 
in macrophages, we expanded our analysis of integrative spatially 
resolved multi-omics data, leveraging an external dataset of integrated 
spatially resolved metabolomics (matrix-assisted laser desorption/
ionization Fourier transform ion cyclotron resonance mass spectrom-
etry (MALDI–FTICR–MSI)) and transcriptomics (Visium 10X) that was 
acquired from six patients with GBM who were treated with 5-ALA45 
(Fig. 6a,b). PpIX is metabolized from 5-ALA via an intermediate com-
pound, coproporphyrinogen III (CpPIII). We hypothesized that active 
PpIX metabolism is marked by the simultaneous expression of the 
haem biosynthesis enzymes and the accumulation of intermediate 
metabolites. Spatial correlation of the recently described regional tran-
scriptional expression patterns (reactive immune, reactive hypoxia, 
spatial opc, radial glia and neuronal development45) with both 5-ALA 
intermediate metabolites and gene expression of haem biosynthe-
sis enzymes revealed high co-localization of 5-ALA metabolism with 
immune active regions (reactive immune) (Fig. 6c). The ‘reactive 
immune’ regions are marked by a high content of mesenchymal-like 
malignant cells with CD163/Haem oxygenase 1 (HMOX1) immunosup-
pressive macrophages47–49. HMOX1 has been shown to be an important 
marker of increased haem metabolism50, which also suggests a key role 
of this subpopulation of macrophages in PpIX metabolism. We noted 
that this observation was also consistent with the finding that myeloid 
cells, unlike CD45 negative cells, have a substantially enhanced PpIX 
fluorescence signal51.

Since Visium technology lacks single-cell resolution (55 μm spot 
size), we performed single-cell deconvolution using the state-of-the-art 
robust cell-type decomposition (RCTD)52 and the GBMap reference 
dataset containing ~1 million cells53 to verify the accumulation of PpIX 
in macrophages on a cellular level. The inherent heterogeneity of PpIX 
accumulation in the external dataset specimens enabled us to compare 
cellular composition across areas of low and high PpIX accumulation 
(Fig. 6d)45. RCTD provided cell-type likelihood scores for each spot, 
which were spatially correlated with the expression of enzymes (in red) 
and metabolite intensities (in blue) (Fig. 6c and Extended Data Fig. 4a). 
Myeloid cells, particularly immunosuppressive tumour-associated 
macrophages and inflammatory microglia, demonstrated a significant 
correlation with PpIX intensities and haem biosynthesis enzyme expres-
sion (Fig. 6d). Astrocyte-like malignant cells also exhibited enhanced 
PpIX intensities and haem biosynthesis enzyme expression. These two 
findings suggest that macrophages are not the only cells metabolizing 
5-ALA in glioblastomas, but that macrophages metabolize 5-ALA to a 
greater extent relative to other cell types. To verify that regions with 
high myeloid content exhibited higher PpIX, we extracted mass spectra 
regions of interest from both high CD163 expression and non-expressing 
control regions, confirming that higher PpIX intensity was present in 
macrophage-enriched regions (Padj = 0.0032) (Extended Data Fig. 4c,d).

To further validate our findings on an external, publicly available 
dataset, we utilized bulk RNA-seq data obtained from PpIX-positive cells 
separated with fluorescence-activated cell sorting (FACS) (Fig. 6e)54. 
Cell-type deconvolution from bulk data by multisubject single-cell 
deconvolution (MuSiC)55 and the GBMap dataset demonstrated enrich-
ment of myeloid and oligodendroglial lineages among PpIX-positive 
cells. We focused RNA-seq data analysis on the tumour infiltration zone 
(Fig. 6f and Extended Data Fig. 4d,e) because it contains both malignant 
and non-malignant cells (Fig. 6f and Extended Data Fig. 4d,e). Notably, 
malignant cells represented only 5% of the PpIX-positive cells isolated 
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from infiltration zone tissue, which was predominantly composed of 
tumour-associated macrophages and oligodendroglial cells (Fig. 6f). 
The cellular composition of the PpIX-positive fraction was further 
investigated by inferred copy number alterations demonstrating the 
lack of the characteristic gain of chromosome 7 and loss of chromo-
some 10 in PpIX-positive cells (Extended Data Fig. 4f,g and Supplemen-
tary Fig. 12). In conclusion, our data suggest that 5-ALA is metabolized at 
a high rate by myeloid cells and accumulates in myeloid cells, a finding 
that is reproducible across spatial transcriptomic, metabolomic and 
RNA-seq datasets (Supplementary Fig. 13).

Discussion
Improving the safety and accuracy of tumour resection is a 
long-standing focus in surgical oncology. Given the challenge of delin-
eating tumour from adjacent brain, intense effort has been dedicated 

towards developing technologies such as 5-ALA fluorescence guidance 
(both with operating microscopes and handheld devices) to enable 
better visualization of tumour margins in glioma surgery23,56,57. Based 
on definitive improvements in completeness of resection in high-grade 
glioma surgery shown in ref. 3 and the concept of metabolic targeting 
of abnormalities in the haem biosynthesis pathway specific to glioma 
cells58, 5-ALA has become a widely used adjunct in the field of neuro-
surgical oncology.

Regardless of the precise mechanism of accumulation of PpIX, 
a fluorescent metabolite of 5-ALA has been previously hypothesized 
to accumulate specifically in tumour cell cytoplasm, creating visible 
fluorescence. The evidence for glioma cell-specific accumulation is 
primarily based on in vitro studies and studies in animal models. While 
there are several studies that correlate observed fluorescence with 
the density of tumour cell infiltration in glioma specimens1, there is a 
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paucity of published evidence of 5-ALA-induced tumour fluorescence 
in human brain tumour specimens24. In addition, fluorescence has been 
reported in non-infiltrated tissue in patients with glioma10, perilesional 
tissue in patients with metastatic tumour, inflammatory and dysplastic 
brain lesions59,60. Moreover, the accumulation of fluorescent proto-
porphyrins after 5-ALA administration is well documented in non-glial 
tumours, both inside61 and outside of the brain62,63. Importantly, there 
is a growing body of work demonstrating that myeloid cells are labelled 

with PpIX and correlate with PpIX signal intensity51,64, which we have 
confirmed in this study using multiple modalities and internal and 
external datasets. Bone marrow-derived macrophages increased in 
concentration in 30 tissue samples with intense PpIX-induced fluo-
rescence51. Also, many cell types exhibit PpIX-induced fluorescence 
in glioma, and glioma cells are not necessarily the predominantly 
labelled cell type in some tumours, with myeloid cells possibly being 
substantially brighter64.
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To better understand the distribution of PpIX in brain tumours at 
the cellular level, we modified a bedside histologic imaging system that 
we previously developed for intraoperative use. This system enabled us 
to match virtual H&E and two-photon fluorescence images at the same 
location in the exact same optical tissue section, with submicron resolu-
tion in fresh unprocessed human brain tumour specimens. The impact 
of this unique optical system was unexpected as it demonstrated that 
PpIX accumulates both in the intracellular and extracellular spaces, and 
that intracellular accumulation was most avid in tumour-associated 
macrophages rather than tumour cells––findings that were validated on  
an internal dataset of spatial transcriptomics and three external data-
sets (that is, spatial transcriptomics, metabolomics and RNA-seq). 
These results are not consistent with the dogma that visible fluores-
cence in gliomas is driven by intracellular tumour cell accumulation of 
PpIX and should encourage a reconsideration of existing hypotheses 
on the mechanistic basis of observed PpIX accumulation within brain 
tumours.

5-ALA is reported to selectively accumulate within glioma cells due 
to their downregulation of ferrochelatase, but may also be impacted 
by dysregulation of ALA dehydratase, porphobilinogen deaminase, 
coproporphyrinogen oxidase, haem oxygenase, nitric oxide synthase 
as well as factors such as cell density and hypoxia57. While future work 
will be required to generate new theories of how PpIX accumulation 
occurs in brain tumours, existing evidence suggests that accumula-
tion of PpIX is most strongly influenced by the permeability of the 
blood–brain barrier23.

An important limitation of this study is that we focused on brightly 
fluorescing and/or lesional-appearing specimens taken predominantly 
within areas of pathologic, tumour-induced blood–brain barrier break-
down. It is likely that additional insight into the tissue distribution 
of PpIX in and around brain tumours will result from a systematic 
comparison of tissue sampled from uninvolved/minimally involved 
brain tissue (presumably with intact blood–brain barrier), the tumour 
periphery and viable core (where the blood–brain barrier is dysfunc-
tional). Another important limitation of this study is that the estimation 
of PpIX intensity in our specimens correlates with that seen in SPEF 
methods but may be impacted by the spectral properties of the TPEF 
microscope we engineered. Specifically, the microscope we developed 
is primarily designed to detect the physicochemical state of PpIX that 
emits at 634 nm, rather than the state that emits at 620 nm. However, 
the 620 nm signal would show up in both PMTs. Notably, there was 
no appreciable 620 nm signal within tumour cells to suggest PpIX 
accumulation in a pattern distinct from that observed with measured 
signal in PMT1.

In addition to tumour cells, PpIX appears to accumulate in a large 
subpopulation of tumour-associated macrophages, sometimes to an 
even greater extent than within tumour cells depending on the tumour 
specimen. The varied source and extent of visible fluorescence under-
scores the challenge of interpreting fluorescence during surgery and 
the importance of integrating anatomic, functional, imaging and gross 
visual cues when deciding to resect or preserve tissue encountered 
during surgery.

The discrepancy between the expected and observed location 
of PpIX on a cellular level speaks to the importance of assessing 
the expanding library of clinical fluorophores designed for use in 
fluorescence-guided surgery with optical systems that enable pre-
cise biodistribution studies. Through the use of an imaging system 
where tissues and individual cells can be microscopically assessed via 
both structural and fluorescence-based imaging modalities, it will be 
possible to verify fluorophore targeting rather than inferring it from 
low-resolution imaging methods or correlations between measured 
fluorescence and tissue cellularity.

The unexpected ability of the SRH/TPEF microscope to reveal 
intracellular PpIX accumulation within tumour-associated mac-
rophages is notable given the central role of the immune system in 

tumourigenesis65, a current focus in the field of neuro-oncology on 
the development of antitumour immunomodulatory approaches66,67 
and the documented prognostic value of myeloid cells in patients 
with GBM68. Histiocytes encompass an array of myeloid immune cells, 
including monocyte-derived macrophages and microglia, and have 
the capacity to promote and interfere with glioma growth69. Recent 
evidence suggests a critical role for myeloid cells in patients with GBM 
who respond to anti-PD-1 immune checkpoint inhibitors70. Additional 
investigation is underway in our laboratory to better characterize the 
subset of immune cells that concentrate PpIX in high-grade glioma. 
Ultimately, PpIX may become a valuable microscopic imaging agent 
for assessing macrophage physiology in brain tumours at the time of 
diagnosis and, possibly, in the setting of immunotherapy.

Outlook
Combining stimulated Raman histology and two-photon fluorescence 
microscopy on a single optical system offers a unique means of simul-
taneously visualizing tissue architecture and fluorophore distribution. 
By using this system, we noted that PpIX accumulates in tissue speci-
mens from patients with 5-ALA-treated GBM, with variable distribu-
tion across the intracellular and extracellular tissue compartments. 
The finding that intracellular PpIX accumulation may occur within 
tumour-associated macrophages creates a new avenue for visualizing 
this critically important component of the tumour–immune micro-
environment.

Methods
Study design
The inclusion criteria for this study were as follows: (1) adult males and 
females; (2) patients undergoing brain-tumour resection at the NYU 
Langone Medical Center, the Medical University of Vienna, the Münster 
University Hospital, or the Medical Center - University of Freiburg (3) 
patients (or designee) who provided informed consent or where a 
waiver of consent applied; (3) patients who received 5-aminolevulinic 
acid 2–12 h before tumour resection; (4) patients with excess tumour 
tissue resected beyond that needed for diagnosis; and (5) patients with 
a final diagnosis of a high-grade glioma.

The sample size was estimated at 115 patients to ensure adequate 
representation of all major tumour types for analysis and on the basis 
of the design of previous studies comparing SRS and H&E. The central 
goals of this study were: (1) to build and verify a clinical microscope 
capable of performing both stimulated Raman spectroscopy and 
two-photon excited fluorescence microscopy; (2) to judge whether 
5-aminolevulinic acid accumulated in tumour cells, on the basis 
of diagnostic histopathologic (SRH) images and TPEF images; and  
(3) to determine in which cells 5-aminolevulinic acid accumulated. We 
began by collecting up to four biopsies from neurosurgical patients 
undergoing tumour resection. Each specimen was imaged with the 
SRS and TPEF microscope immediately after removal.

Tissue collection and imaging
Tissue was collected at NYU Langone Medical Center according to the 
NYU Langone Institutional Review Board (IRB)-approved protocol 
(IRB S19-01931), at the Medical University of Vienna according to the 
Medical University of Vienna-approved IRB protocol (419/2008 - Ethics 
Commission Medical University Vienna), at the Münster University Hos-
pital according to the Münster University-IRB protocol (2007-420-f-S 
and 2017-707-f-S), and at the Medical Center - University of Freiburg 
according to the University of Freiburg IRB protocol (23-1175-S1). Tis-
sue was imaged using the NIO Imaging System (Invenio Imaging) at a 
standard depth of 10 μm from the surface of the compressed tissue 
specimen and, after imaging, sent to the clinical pathology laboratory 
for downstream analysis. In a subset of cases with sufficient tissue 
beyond that needed for clinical diagnosis, tissue was immersed in 
saline or fixed in formalin for CD163 staining and/or single-photon 
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microscopy. Single-photon fluorescence images of specimens utiliz-
ing a standard confocal fluorescence microscope (Zeiss LSM 880) and 
SRH/TPEF images were obtained on tissues imaged with the NIO Laser 
Imaging system (Invenio Imaging).

Imaging specimens with TPEF and SPEF
Tumour specimens to be imaged with the NIO Laser Imaging system 
were first split in half via surgical blade and divided into two portions: 
one portion to be imaged with paired SRH and TPEF microscopy, and 
the other portion to be imaged with confocal SPEF microscopy. The 
confocal-imaged portions were sealed without fixation on a standard 
glass microscope slide under a #1.5-thickness coverslip. All confocal 
images were collected immediately on an inverted Zeiss LSM 880 laser 
scanning confocal microscope with GaAsP detectors. Scans were per-
formed with either a Plan-Apo ×20/0.8 M27 objective. Fluorescence was 
excited using a 405 nm laser with a pinhole diameter of 1 Airy Unit and 
emission was acquired in Lambda scanning mode from 502 to 689 nm 
with 9 nm width increments. Both single fields and tile scans were col-
lected; tile scans were stitched in Zen Black (Carl Zeiss).

SPEF and TPEF photobleaching of PpIX
SPEF images were collected on a Zeiss LSM 800 laser scanning confocal 
microscope in Lambda scan mode across 502 to 689 nm with 9 nm wave-
bands using 405 nm excitation. Wavelengths to plot over time from 
Lambda mode were selected at 636 nm (red) and 556 nm (green). A total 
of 153 samples was collected over a period of 375 s. TPEF images were 
collected on a NIO Laser Imaging system equipped with dual time-delay 
detuned 720 and 1,020 nm lasers for two-photon excitation. Fluores-
cence emission was collected with a 640 nm centre wavelength/75 nm 
bandwidth filter (red) and a 590 nm centre wavelength/43 nm band-
width filter (green). A total of 16 samples was collected over a period of 
375 s. The mean fluorescence over time was plotted in FIJI (2.3.0) with 
the plot Z-axis profile function. R2 values were calculated by fitting a 
logarithmic function in FIJI (2.3.0).

TPEF imaging of PpIX serial dilutions
To provide a reference for fluorescence that was detected on TPEF 
images, we performed a dilution series of PpIX measured with TPEF. 
Pure PpIX was dissolved in 5% Tween-20 phosphate buffered saline 
(PBS) to create serial dilutions (0–125 μg ml−1), each with a 50% reduc-
tion in the concentration of PpIX. The PpIX serial dilution solutions 
were imaged under 410 nm excitation and imaged with the SRH/TPEF 
microscope. This serial dilution procedure was repeated three times 
and each dilution was measured three times for internal and external 
reproducibility. The fluorescence intensity was computed for each 
serial dilution and the average fluorescence intensity with 95% confi-
dence intervals was calculated and plotted.

To provide further reference for fluorescence that was detected 
on TPEF images in a scattering medium, PpIX (Frontier Scientific) stock 
was prepared in dimethylsulfoxide (DMSO) (Fisher Bioreagents), milk 
(Cream-O-Land Dairy, 3.5% milk fat) and India ink (StatLab Medical) 
solution, and serially diluted to a solution of DMSO, 1.6% milk fat and 
0.3 μl ml−1 India ink as described in ref. 31. Twenty three serial dilu-
tions were prepared, starting at a concentration of 748.2 μg ml−1 and 
ending at a concentration of 0.1 μg ml−1, decreasing each serial dilu-
tion’s concentration by a factor of 1.5. A control dilution (that is, no 
PpIX) was prepared with only DMSO, milk and India ink, and another 
control dilution was prepared with only DMSO. A second series of the 
same serial dilutions was prepared from the previous PpIX stock to the 
same liquid optical phantom concentrations with the addition of 0.5% 
Tween 20 (Sigma-Aldrich). A control dilution (that is, no PpIX) was pre-
pared with only Tween, DMSO, milk and India ink, and another control 
dilution was prepared with only Tween and DMSO. Optical phantoms 
and concentrations were selected on the basis of mean brain reduced 
scattering and absorption coefficients as compared to the reduced 

scattering coefficient and absorption coefficient of 3.5% milk and India 
Ink, respectively, as described in ref. 71. Tween 20 concentration was 
selected according to the observed influence on emission intensity of 
PpIX fluorescence described in ref. 31.

Fluorescence quantification and cell counting
Each SRH and TPEF image pair was manually reviewed by D.J., and 
non-diagnostic regions of each image (for example, blood and necrotic 
tissue) were removed, as these contain structures appearing like cells 
that can add noise to automated cell counting in the virtual H&E images 
and have high autofluorescence that can add noise to the PpIX signal 
in the TPEF images. A sliding window algorithm was applied to gener-
ate 300 × 300 pixel patches from these cropped virtual H&E and TPEF 
images.

To measure the fluorescence signal of endogenous fluorophores 
captured by the PMT1 and PMT2 filters, we computed the ratio of fluo-
rescence in the PMT1 channel and the fluorescence in the PMT2 channel 
for each of the negative control cases. The mean PMT1 to PMT2 ratio for 
the negative control cases was used as a regularization term to remove 
the signal from endogenous fluorophores in the PpIX quantification

α =
∑{negativecontrols}

PMT1
PMT2

|{negative controls}|
. (1)

The PpIX fluorescence was quantified for each TPEF patch by sub-
tracting the averaged and regularized PMT2 channel from the average of 
the PMT1 channel. The case-level fluorescence intensity was calculated 
as the average fluorescence intensity of all tissue imaged in the case

caseFluorescenceIntensity =
∑{TPEFpatches}(PMT1 − (α × PMT2))

|{TPEFpatches}| . (2)

Each patch from the virtual H&E and TPEF images was analysed 
using QuPath’s watershed cell detection for Brightfield H&E images, 
which detected cells with a minimum area of 50 μm and a maximum 
area of 400 μm. The density of each patch was calculated as the num-
ber of cells in the patch divided by the area of the patch in μm. The 
case-level cell density was calculated as the total number of cells in the 
case divided by the total area of tissue imaged in the case

caseCellDensity =
∑{H&Epatches}|{cells}|

∑{H&Epatches}area(patch)
. (3)

A linear regression and its correlation coefficient were computed 
to map patients’ average cellular density to their average fluorescence 
intensity.

CD163 density analysis
A representative section of formalin-fixed paraffin-embedded (FFPE) 
tissue was subjected to immunohistochemical analysis using a clini-
cally validated monoclonal antibody against CD163 (MRQ-26, Roche 
Diagnostics) to detect cells of monocyte/macrophage lineage within 
all cases that underwent SRH/TPEF imaging. The immunohistochem-
istry was reviewed by a pathologist (M.M.-E.), who is a board-certified 
anatomical and clinical pathologist, and for semi-quantitative analysis, 
tumour-associated CD163-positive cells was categorized into three 
groups: low, medium and high. CD163 expression was quantified as 
the percentage of positive cells in a section as follows: low, <10% posi-
tive cells; medium, ≥10–60% positive cells; high, >60% positive cells. 
Furthermore, CD163 immunoreactive cells were evaluated for focal or 
diffuse infiltration within the tumour tissue.

Semi-supervised pattern analysis
For semi-supervised investigation of PpIX images, hybrid methodol-
ogy merging end-to-end and reconstructive learning was developed. 
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A sliding window algorithm was applied to generate 160 × 160 pixel 
patches from each TPEF image. An autoencoder model was trained 
using the 160 × 160 pixel patches with a ResNet-backed architecture. 
This model encompassed a latent space dimension comprising 128 
latent features. To fine-tune the latent representation of defined pat-
terns, iterative optimization was used to synergize end-to-end learn-
ing of latent space clustering (kNN) with a preset k-value of 5 and the 
pretrained ResNet as the encoder within the autoencoder framework. 
This step effectively optimized the latent representation, ensuring 
efficient capture of relevant patterns in the PpIX images. In the sub-
sequent phase, ~100,000 patches (~10% of the total 854,957 patches) 
were manually segmented according to the following patterns: ‘auto-
fluorescence’, ‘diffuse dim’, ‘diffuse bright’, ‘cellular’ and ‘fibre-like’. 
The encoder was refined and further trained on the basis of this 10% 
segmented dataset. Performance was evaluated using a validation 
dataset composed of ~20% segmented data (225,455 patches). Train-
ing was carried out over 500 epochs, with the end-to-end component 
being performed over 200 epochs.

Pattern analysis and clustering
For further analysis, the latent space of the trained ResNet autoen-
coder was extracted and clustered by kNN clustering as well as hier-
archical clustering (knn = KNeighborsClassifier().fit(latentspace)). 
For visualization and dimensional reduction, we trained a uniform 
manifold approximation and projection (UMAP)72 model using the 
umap-learn package (embedding = umap.UMAP(n_neighbors=5).
fit_transform(‘latentspace‘)).

Modelling fluorescence intensity as a function of fluorescence 
pattern
A linear regression modelling the fluorescence intensity observed in 
a patch as a function of the probabilities of the patch belonging to the 
autofluorescence, diffuse dim, diffuse bright, cellular and fibre-like 
patterns as determined using the semi-supervised machine learning 
model. This model was used to assess the association between each 
fluorescence pattern and fluorescence intensity. All analyses used a 
significance level of 0.05 and were conducted in R.

Tissue embedding and imaging
Fresh surgical specimens were encased in OCT within a NIO slide holder, 
at a thickness of 250 μm, and imaged using SRH and TPEF imaging. 
Subsequent to imaging, the slide holder was gradually frozen using 
isopentane, the OCT was then carefully removed, and the specimen was 
re-embedded in a fresh OCT block. To ensure precision during the ensu-
ing slicing procedure of the 250 μm tissue specimen, the OCT block 
used for re-embedding was pre-sliced to preserve the original cutting 
angle of the cryotome. The block, post 24 h freezing in nitrogen, was 
sectioned until the presence of tissue was confirmed. The initial two 
10 μm sections were reserved for immunohistochemistry and immu-
nofluorescence analyses. The third 10 μm slide was then embedded 
onto a Visium 10X slide, facilitating the execution of spatially resolved 
transcriptomic analysis.

Spatially resolved transcriptomics
Tissue fixation was performed following the ‘Methanol Fixation, H&E 
Staining and Imaging for Visium Spatial Protocols’ (CG000160, Rev C),  
which included heating the slide and immersing it in pre-chilled metha-
nol. In the tissue staining phase, isopropanol was applied to tissue 
sections followed by a series of air-drying, haematoxylin application, 
washing, bluing buffer application, eosin mix addition and further wash-
ing. The slide was then dried on a heating block. Imaging was conducted 
using the Evos microscope, with settings following the previously 
described protocol (CG000160, Rev C). Permeabilization and reverse 
transcription were undertaken without a preceding tissue optimization 
on Visium tissue optimization slides, as the optimal permeabilization 

time for brain tissue had been established at 12 min by a previous 
researcher. The overall library preparation adhered to the ‘Visium 
Spatial Gene Expression Reagent Kits – User Guide’ (CG000239, Rev F). 
During permeabilization, the Visium slide with stained tissue sections 
was fitted into a slide cassette and exposed to permeabilization enzyme, 
followed by a wash with 0.1X SSC buffer. For reverse transcription, an RT 
master mix was dispensed into each well, followed by a 45 min incuba-
tion period in a thermocycler at 53 °C. In the second-strand synthesis 
stage, each well received an addition of 75 μl 0.08 M KOH, followed by a 
brief room-temperature incubation. Subsequently, wells were washed 
with buffer EB and received the second-strand mix, before undergoing 
a 15 min incubation at 65 °C in a thermocycler. The denaturation pro-
cess involved washing the wells with buffer EB and adding 35 μl 0.08 M 
KOH to each well, and wells were then incubated at room temperature. 
Afterwards, Tris (1 M pH 7.0) was pipetted into four tubes of an 8-tube 
strip, followed by transfer of samples from each well into these tubes. 
The tubes were then vortexed, centrifuged and placed on ice, with the 
remaining sample stored for subsequent stages. The experiment was 
initiated with the determination of cycle number wherein a qPCR mix 
was allocated across five wells of a qPCR plate, with a negative control 
included. The ensuing qPCR and quantification cycle (Cq) determina-
tion followed the standard protocol used for FFPE methods. Notably, 
uneven Cq values starting from n.5 were rounded up. In the subsequent 
complementary DNA amplification phase, an amplification mix was 
introduced to each sample tube, followed by thermocycling for actual 
PCR using a specified protocol. The cDNA cleanup process involved add-
ing an SPRIselect reagent to each sample tube, followed by a series of 
incubation, washing, drying and buffer addition steps. The cleaned-up 
samples were then transferred to new tubes. Finally, cDNA quality con-
trol and quantification were performed using a Agilent TapeStation. The 
total cDNA yield was calculated, factoring in the library concentration 
and elution volume. The process of fragmentation, end repair and 
A-tailing started with using just a quarter of the purified library, with 
the remaining portion stored at −20 °C. The selected volume was mixed 
with buffer EB and fragmentation mix and incubated in a thermal cycler. 
Double-sided size selection was performed to discard large fragments 
and retain fragments within the desired size range. This involved the use 
of SPRIselect reagent and resulted in a library with reduced total volume 
and a smaller range of fragment sizes. Adaptor ligation involved mixing 
adaptor ligation mix with each sample and incubating in a thermocycler. 
Post-ligation cleanup followed the cleanup steps post-cDNA amplifica-
tion, with minor adjustments to the quantities of SPRIselect reagent and 
buffer EB. Sample index PCR was then performed, with an amp mix and 
dual index TT set A added to each sample, followed by a specific PCR 
protocol. The total number of cycles was determined on the basis of 
the cDNA yield. Another round of double-sided size selection was per-
formed, this time with varied substance quantities, to ensure another 
cleanup stage. The process concluded with a post-library-construction 
quality control, ensuring the success of the library construction. While 
no exact concentration calculations were necessary, the fragment size 
in base pairs was of interest. A fragment analyser was used due to its 
availability and accuracy in fragment size calculation. Sequencing was 
performed on a NextSeq 550 system.

Post-processing and spatially resolved transcriptomics 
analysis
The data analysis and quality control for this research was conducted 
using the 10X Genomics’ space ranger pipeline and the SPATA2 (v.2.0) 
framework for spatial data analysis. The SPATA2 object was initiated 
through the ‘SPATA2::initiateSpataObject_10X’ function. This import 
procedure involved several stages using the Seurat v.4.0 package. First, 
gene expression normalization was performed by dividing each spot’s 
values by the estimated total number of transcripts. These normalized 
values were then multiplied by 10,000 and underwent a natural loga-
rithm transformation to improve interpretability and comparability 
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across genes. Next, a regression model was applied to remove batch 
effects and scale the data. This model factored in sample batch and 
the expression percentages of ribosomal and mitochondrial genes, 
helping to control for potential sources of unwanted variation in the 
data. A more detailed understanding of this process can be obtained 
from the guide provided at https://themilolab.github.io/SPATA2/. This 
guide provides comprehensive information about the SPATA2 package 
and its application in spatial transcriptomics analysis.

Post-processing and imaging analysis
The H&E images along with the PpIX and SRH images were aligned 
using affine transformation as described recently44. For classification 
of the PpIX patterns, we extracted 160 × 160-sized patches from each 
barcode spot and predicted the pattern using the pretrained ResNet 
architecture.

Single-cell deconvolution
Cell-type deconvolution was conducted utilizing spacexr (Spatial- 
eXpression-R): RCTD that is implemented in the SPATAwrappers pack-
age (runRCTD). This process is vital to attribute gene expression profiles 
to distinct cell types, improving the resolution of the spatial transcrip-
tomics analysis. For the single-cell RNA-seq reference atlas, we made use 
of the recent GBMap dataset. This comprehensive dataset consists of 
data from over a million cells, providing a robust reference for attribut-
ing gene expression profiles to their respective cell types51.

Spatially weighted regression analysis
For spatially weighted correlation analysis, we used the function SPA
TAwrappers::runSpatialRegression with the following parameters: 
in case of multiparameter comparisons (n > 10), we used the model, 
canonical correlation analysis (CCA); for fewer parameters, we applied 
the Spatial Durbin linear (SLX, spatially lagged X) model or the spatial 
simultaneous autoregressive lag model. The parameters smooth and 
normalize were set as false. The spatial regression analysis provides an 
n × n matrix in which n refers to the selected variables with correspond-
ing x and y positions and estimated neighbours.

Spatial cluster analysis
Spatial cluster analysis and niche definition in this study were con-
ducted with the algorithm ‘BayesSpace’ specifically designed to manage 
the unique challenges of spatial data. Traditional clustering methods, 
such as k-means or shared nearest neighbour, are inadequate for spatial 
data because they do not take into account the physical positioning in 
space, an essential aspect of spatially resolved transcriptomics data. 
BayesSpace is a Bayesian model that clusters spatial data by considering 
both gene expression similarity and spatial proximity. It is an extension 
of the Dirichlet process mixture model, a non-parametric Bayesian 
approach for clustering. The BayesSpace algorithm assumes that the 
gene expression profile at each spot is influenced by the gene expres-
sion profiles at nearby spots. By borrowing information across spatially 
adjacent spots, this approach produces more robust and biologically 
meaningful clusters. The SPATA2 wrapper function ‘SPATA2::runBayes
SpaceClustering()’ with default settings was used to run BayesSpace73.

Gene ontology analysis
We performed differential gene expression analysis across PpIX pat-
terns using the SPATA2 package. Differentially expressed genes were 
subsequently analysed by gene set enrichment analysis (GSEA) using 
the enrichR and GeneOverlap R packages. These packages allow the 
cross-referencing of an expansive collection of gene set libraries. Three 
gene set libraries were used in the enrichment analysis: ‘GO_Biologi-
cal_Process_2021’, ‘GO_Cellular_Component_2021’ and ‘GO_Molecu-
lar_Function_2021’. These libraries represent the gene ontology (GO) 
categories of biological process, cellular component and molecular 
function, respectively, up to date as of 2021.

Radiologic imaging review
Preoperative magnetic resonance imaging (MRI) scans were evaluated 
by a radiology resident (M.L.) with the guidance of a board-certified 
neuroradiologist (R.J.). Lesions were classified by enhancement 
pattern (homogeneous, heterogeneous, necrotic ring, nodular, 
non-enhancing) as commonly described in clinical practice. Lesions 
were evaluated for enhancement quality, enhancing margin thickness 
and enhancing margin definition according to the VASARI feature set 
(1), a validated system for describing glioma morphology on MRI. 
Segmentations of the enhancing tumour, non-enhancing tumour 
(including necrosis) and peritumoural oedema on T1-weighted pre- and 
post-contrast, T2-weighted and T2-FLAIR sequences were automati-
cally generated using DeepMedic (2), a pretrained brain tumour seg-
mentation model, and manually corrected as needed (for example, to 
include only the subsequently resected lesion). Segmentation volumes 
were calculated according to 1 mm isotropic voxels74.

Differences in fluorescing cell densities between cases with 
varying CD163 density
CD163 density was assessed using a two-sided Mann–Whitney U test. 
A linear fixed effects model was developed to assess the impact of 
the time between 5-ALA administration and imaging, the proportion 
of enhancing tumour, the pattern of the enhancement and the Ki-67 
proliferation index on the PpIX intensity measured in each case. All 
analyses used a significance level of 0.05 and were conducted in R.

Spatial multi-omic analysis
For spatial data analysis, we acquired the spatially resolved RNA-seq 
datasets using the SPATAData package (https://github.com/
theMILOlab/SPATAData)44. The metabolomic (MALDI) data of six 
patients were downloaded from https://doi.org/10.5061/dryad.h70rx-
wdmj. We aligned the metabolomic data to the transcriptomic profiles 
by affine transformation of the H&E images as described recently44. 
The metabolomic spectra were averaged across each transcriptomic 
spot with a size of 55 μm. Annotations of metabolites were performed 
with the Metaspace (https://metaspace2020.eu) database using a false 
discovery rate (FDR) threshold of 10%. Spatial correlation analysis was 
performed with either a spatial Lag model or a CCA. Cell-type deconvo-
lution of each spot was performed by RCTD, a well-validated toolbox51. 
The deconvolution was performed with the SPATAwrapper (https://
github.com/heilandd-/SPATAwrappers) package using the function 
runRCTD. Visualization of surface plots or correlation analysis was 
performed using the SPATA2 toolbox.

Spatial bulk and PpIX-sorted RNA-seq deconvolution and 
analysis
For analysis of the spatial bulk and PpIX-sorted cells, we used the recently 
published RNA-seq dataset53. The data contain samples from the tumour 
core area (core), the contrast-enhancing rim (CE-rim) and the infiltrative 
regions, which were defined as weak PpIX-positive areas without defined 
histopathological classification, where regions are samples according 
to the Ivy-GAP criteria. All samples (n = 42) were deconvoluted to infer 
the cellular distribution using the pan-GBM single-cell data GBMap52. 
The full-scRNA-seq dataset was downsampled by maintaining the quan-
titative distributions across all cellular subtypes, defined as ‘annotation 
level 4’. Cell-type deconvolution was performed with the MuSiC algo-
rithm54 using the function music_prop. Copy number alterations (CNA) 
were performed with the SPATA2 toolbox using the runCnvAnalysis and 
the add-on functions of SPATAwrapper for visualization51.

Copy number analysis
CNA analysis was performed using the CNA pipeline in the SPATA2 R tool 
available in the development branch, https://github.com/theMILOlab/
SPATA2. Copy number variations (CNVs) were estimated by aligning 
genes to their chromosomal location and applying a moving average 
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to the relative expression values, with a sliding window of 100 genes 
within each chromosome, as described recently75. First, genes were 
arranged according to their respective genomic localization using the 
InferCNV package (R software)73. As a reference set of non-malignant 
cells, we used a spatial transcriptomic dataset from a non-malignant 
cortex sample. The exported .RDS output files were then reimported 
and rearranged to defined chromosomal bins. These bins were created 
using the SPATAwrappers function ‘Create.ref.bins()’, with the SPATA 
object and the size of the given bins as input. A bin size of 1 Mbp was 
used, resulting in 3,847 chromosomal bins with a mean coverage of 
5.5 genes per bin. Rescaling and interpolation were carried out using 
a 10 kbp sliding window. For normalization, we used a loess regression 
model, built to determine the copy-number values from the InferCNV 
output. Interpolation and normalization were performed using the 
‘SPATAwrappers::runCNV.Normalization()’ function44.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The data supporting the results in this study are available within the 
paper and its Supplementary Information. They can also be viewed at 
https://www.nio-net.com by logging in with ‘PPIX’ as the institution 
and with ‘Guest’ as the user. In addition, the spatial transcriptomic 
data for this study can be accessed at https://zenodo.org/doi/10.5281/
zenodo.10909926 (ref. 76). All raw and processed image data and 
patient data, including the representative images provided in the 
paper, are available from the authors on reasonable request, subject to 
approval from the Institutional Review Boards of NYU Grossman School 
of Medicine, Medical University Vienna, Münster University Hospital, 
and University of Freiburg. Source data are provided with this paper.

Code availability
The code used in this study is available via GitHub at https://github.
com/heilandd/Code_ALA ref. 77.
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Extended Data Fig. 1 | Frequency of fluorescence patterns by time between 
5-ALA administration and TPEF Imaging. The boxplots shown for each 
fluorescence pattern demonstrates the variation in the proportion of FOVs 
demonstrating the given fluorescence pattern in the given time window between 

5- ALA administration and TPEF imaging. Each box ranges from the first quartile 
to the third quartile of the distribution and the median is marked by a line across 
the box. The lines extending from each box represent ± 1.5 × interquartile range.

http://www.nature.com/natbiomedeng


Nature Biomedical Engineering

Article https://doi.org/10.1038/s41551-024-01217-3

Extended Data Fig. 2 | Relationship between cellular accumulation of PpIX 
and abundance of histiocytes. A range of histiocyte density was encountered 
in the patients enrolled in our study. Specimens revealing hypercellular 
pleomorphic, high-grade glial neoplasms on SRH and conventional H&E reveal 
variations in the abundance of CD163 positive cells that correlate qualitatively 
with the abundance of cells with PpIX concentrated within the cytoplasm. 
Examples of high histiocyte density (a, patient 32), intermediate histiocyte 
density (b, patient 45) and low histiocyte density (c, patient 42) are shown here. 
The association of CD163 positivity and the number of cells with high PpIX 
cytoplasmic concentration is demonstrated in the study subjects with tissue 

available for CD163 staining (d, n = 45). Cells concentrating PpIX in the cytoplasm 
were more abundant in specimens with intermediate (*: p = 0.02, two-sided 
Mann-Whitney U Test) and high CD163 positivity (**: p = 0.002, two-sided 
Mann-Whitney U Test) though there was no significant difference between PpIX 
cellularity comparing specimens with intermediate versus high CD163 positivity 
(n.s.: no statistical significance, p = 0.06, two-sided Mann-Whitney U Test). Each 
box ranges from the first quartile to the third quartile of the distribution and the 
median is marked by a line across the box. The lines extending from each box 
represent ± 1.5 × interquartile range.

http://www.nature.com/natbiomedeng


Nature Biomedical Engineering

Article https://doi.org/10.1038/s41551-024-01217-3

Extended Data Fig. 3 | CD163 staining in patients with lymphoma. 
Cells accumulating PpIX in lymphoma specimens are morphologically 
consistent with those histiocytes present in high grade glioma specimens. 

Immunohistochemistry on the same specimens revealed CD163 positive cells 
with similar abundance to the PpIX accumulating cells in each of the three 
patients (a, patient 76; b, patient 77; c, Patient 78).
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Extended Data Fig. 4 | Additional transcriptomic and metabolomic analysis 
of PpIX accumulating cells. The spatially weighted correlation analysis 
of enzymes (red) and metabolites (blue) with cell type likelihood scores in 
six patients is displayed in the dot plot (a). The surface plot of myeloid gene 
expression is shown in (b). Mass spectra of selected ROIs (left) with high 

resolution of the PpIX peak at 722.6 m/z are shown in (c). The cell composition 
of the bulk RNA-sequencing data is shown in the stacked bar graph (d). The 
percentage of cell type enrichment is shown in (e). The derived copy number 
profiles using SPATA2 toolbox for infiltrative tumor are shown in (f) and that for 
PpIX positive cells are shown in (g).
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SPATAwrapper, inferCNV.
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- A description of any restrictions on data availability 
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The data supporting the results in this study are available within the paper and its Supplementary Information. They can also be viewed at https://www.nio-net.com 
by logging in with “PPIX” as the institution and with “Guest” as the user. Additionally, the spatial transcriptomic data for this study can be accessed at https://
zenodo.org/doi/10.5281/zenodo.10909926. All of the raw and processed image data and patient data, including the representative images provided in the paper, 



2

nature portfolio  |  reporting sum
m

ary
M

arch 2021
are available from the authors on reasonable request, subject to approval from the Institutional Review Boards of NYU Grossman School of Medicine, Medical 
University Vienna, Münster University Hospital, and University of Freiburg.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences
For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size The sample size was estimated at 70 patients to ensure adequate representation of all major tumour types for analysis, and was also based on 
the design of previous studies comparing SRS and H&E.

Data exclusions No data were excluded other than those patients that met the exclusion criteria. 
Exclusion criteria: 
1) Poor quality of the specimen on visual gross examination due to excessive blood, coagulation artifact, necrosis or ultrasonic damage. 
2) Surgeon declares that all collected specimens must be allocated for clinical purposes. 
3) Final histopathologic diagnosis is not a high-grade glioma or lymphoma, including glioblastoma, astrocytoma, anaplastic oligodendroglioma, 
high-grade glioma, anaplastic astrocytoma, and anaplastic neuroepithelial tumour. 
4) Any unanticipated malfunction of the SRH/TPEF imaging system at the time of surgery.

Replication Results were replicated across multiple health centers with multiple SRH/TPEF imaging systems.

Randomization Randomization was not applicable to the study.

Blinding Blinding was not applicable to the study.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 
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Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Human research participants

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used Roche Diagnostics, Cat #760-4437, MRQ-26 Mouse Monoclonal Antibody 

Validation Immunohistochemistry using clinically validated antibodies for CD163, and performed in a CLIA certified laboratory.

Human research participants
Policy information about studies involving human research participants

Population characteristics Inclusion criteria for the intraoperative SRH/TPEF imaging included: 
1) Male of female of any age. 
2) Patients undergoing central nervous system tumour resection at NYU Langone Medical Center, Medical University Vienna, 
Münster University Hospital, or University of Freiburg.

Recruitment All patients with newly diagnosed or recurrent brain lesions/suspected brain tumors were approached for recruitment. 
Recruitment occurred in both the outpatient and inpatient settings. Patients were informed that the study was to assess a 



3

nature portfolio  |  reporting sum
m

ary
M

arch 2021
non-interventional imaging modality only. Patients were further informed that no additional tissue would be collected 
beyond that need for clinical diagnosis except when they provided their informed consent.

Ethics oversight Complete Institutional Review Board oversight.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data
Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration Not applicable. This study was a non-interventional imaging study conducted at NYU Langone Medical Center, Medical University 
Vienna, Münster University Hospital, and University of Freiburg.

Study protocol Full study protocol can be obtained from the corresponding author on request.

Data collection The study was conducted at NYU Langone Medical Center, Medical University Vienna, Münster University Hospital, University of 
Freiburg. Prospective enrollment began on November 2, 2020 and closed on March 1, 2023.

Outcomes The primary outcome measure was the validation of the SRH/TPEF imaging system. The secondary outcome was the correlation 
between tumour cell density and protoporphyrin IX fluorescence. The third outcome was the characterization of protoporphyrin IX 
fluorescence patterns with spatial transcriptomics.
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