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Multiphoton microscopy in surgical oncology- a systematic review and 
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A B S T R A C T   

Background: Multiphoton microscopy (MPM) facilitates three-dimensional, high-resolution functional imaging of 
unlabeled tissues in vivo and ex vivo. This systematic review discusses the diagnostic value, advantages and 
challenges in the practical use of MPM in surgical oncology. 
Method and Findings: A Medline search was conducted in April 2019. Fifty-three original research papers 
investigating MPM compared to standard histology in human patients with solid tumors were identified. A 
qualitative synopsis and meta-analysis of 14 blinded studies was performed. Risk of bias and applicability were 
evaluated. 
MPM can image fresh, frozen or fixed tissues up to a depth 1000 μm in the z-plane. Best results including 
functional imaging and virtual histochemistry are obtained by in vivo imaging or scanning fresh tissue imme
diately after excision. Two-photon excited fluorescence by natural fluorophores of the cytoplasm and second 
harmonic generation signals by fluorophores of the extracellular matrix can be scanned simultaneously, 
providing high resolution optical histochemistry comparable to standard histology. Functional parameters like 
fluorescence lifetime imaging or optical redox ratio provide additional objective information. A major concern is 
inability to visualize the nucleus. However, in a subpopulation analysis of 440 specimens, MPM yielded a 
sensitivity of 94%, specificity of 96% and accuracy of 95% for the detection of malignant tissue. 
Conclusion: MPM is a promising emerging technique in surgical oncology. Ex vivo imaging has high sensitivity, 
specificity and accuracy for the detection of tumor cells. For broad clinical application in vivo, technical chal
lenges need to be resolved.   

1. Introduction 

Multiphoton microscopy (MPM) was first described in 1990 by Denk 
et al. [1–3] (Fig. 1).The imaging technique is based mainly on the 
detection and combination of two signals: two-photon excited fluores
cence (TPEF), and second harmonic generation (SHG), that are detected 
at specific emission wavelengths after laser excitation. MPM offers in 
vivo, real time, high resolution, functional visualization without need 
for contrast agents, tissue staining, or tissue processing [2,4] up to a 
tissue depth of several hundred microns [5]. Since 1990, a number of 
practical uses have been established in vitro and in vivo, in live animals, 
and even in humans [6]. Today, three-dimensional (multiphoton to
mography, MPT), or even four-dimensional (multiphoton tomography 
with fluorescence lifetime imaging, MPT-FILM) signal detection is 
possible; either of unlabeled fresh [7], frozen [8] or formalin fixed [9] 
human tissues. In all cases, MPM has the potential of producing images 

of a comparable resolution to standard staining techniques, such as 
hematoxylin and eosin (HE), or others [8]. 

Natural fluorescence from endogenous fluorophores and second 
harmonic generation signals can be scanned simultaneously after exci
tation with only one wavelength [4]. Simultaneous absorption of two 
photons of lower energy leads to excitement of endogenous fluorophores 
without phototoxic tissue damage by high energy photons (Fig. 2). TPEF 
signals are mainly produced by excitation of cytoplasmatic and mito
chondrial fluorophores, mainly reduced nicotinamide adenine dinucle
otide (NADH) and oxidized flavin adenine dinucleotide (FAD) [4,7,8, 
10], but also by extracellular molecules like flavines [11] and collagen 
[12]. In contrast, SHG signal generally derives from collagen [12] of the 
extracellular matrix (Figs. 3 and 4). Longer (near infrared) excitation 
wavelengths enable a deeper tissue penetration [4,8] up to several 
hundred microns [5], or even 1000 μm in skin specimen [13]. In order to 
further differentiate between fluorescent structures, specific spectral 
ranges can be selected to create “virtual histochemistry” in fresh 
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unlabeled tissue [14]. The spectral window of excitation wavelengths is 
limited by the phototoxicity of high energy photons, which can cause 
tissue damage, impaired reproduction capacity and apoptosis-like cell 
death [15]. 

Due to the relatively large dimensions of current MPM microscopes, 
use of the technology has mostly been limited to ex vivo imaging of 
histological specimen, which could theoretically be performed directly 

in the operating room under sterile conditions, for example to determine 
resection margins during surgical procedures [6,16]. Other limiting 
factors of current MPM technology are small scanning fields [17], and 
maximum scanning depth of 200 μm up to 800 μm, in certain circum
stances up to 1000 μm, depending on the absorption and excitability of 
the tissue along with targeted magnification [6,8]. To date, in vivo 
multiphoton tomography (MPT) on humans has been used on skin le
sions [18–20] and intraoperatively in a single patient with glioblastoma 
multiforme [6]. In these applications, the quality of MPM images was 
found to be comparable to ex vivo scans [6]. In the future, in vivo im
aging may facilitate optical ad hoc biopsy combined with endoscopy or 
laparoscopy, “optical needle biopsy” [4], intraoperative real-time eval
uation of resection margins [6,21] and nerve sparing surgery [22]. Even 
automated histopathological image analysis by machine (“deep”) 
learning using artificial intelligence has been investigated [10]. Tissue 
evaluation using deep learning has been reported to yield sensitivity up 
to 95% and specificity as high as 97% for ovarian cancer cells [10] and 
accuracy over 90% for hepatocellular carcinoma [23]. This technology 
might give clinicians the opportunity of intraoperative MPM evaluation 
in absence of highly trained and specialized pathologists in the future. 

The technology has some limitations. As mentioned, contemporary 
MPM hardware is quite spacious, and tissue penetration depth is limited. 
Current technical research focuses on development of smaller probes 
with longer wavelengths, that penetrate deeper into tissues and are less 
influenced by absorption and scattering of other molecules in the tissue 
(e.g. hemoglobin) [24]. Other general technical obstacles in the prac
tical application of MPM are inhomogeneous signal intensity in varying 
depths, low signal-to-noise-ratio and blurring of cell boundaries, which 
increases in deeper tissue layers [2]. These challenges have been 
addressed by computer processing methods such as super pixel-based 
image segmentation and watershed [2]. Nevertheless, in regard of res
olution, MPM offers unique high quality imaging on a submicron level, 
superior to other functional imaging techniques such as positron emis
sion tomography, magnet resonance imaging or computed tomography 
[24]. 

In most cases, the established criteria for malignancy have tradi
tionally been based on HE findings and include nuclear-cell ratio (NCR), 
cell and nuclear polymorphism, including chromatin condensation and 
mitosis, as well as apoptotic cells [25] (Figs. 3d and 4d). Crossing of 
suspect cells through the basal membrane is a sign of invasiveness [26]. 
In contrast to standard HE staining, cell nuclei [11] are not readily 
visualized directly by MPM, but are detected as an area with absence of 
TPEF/SHG signal [27,28], which is referred to as the “nuclear area” 
(Figs. 3 and 4). Therefore, to date, visualization of important cancer 
characteristics, like chromatin condensation, mitosis and apoptotic cell 
is still considered to be more accurate in HE stained specimen [25,28] 
(Figs. 3 and 4). 

Abbreviations 

FAD flavin adenine dinucleotide 
FILM fluorescence lifetime imaging 
HE hematoxylin/eosin 
Λem emission wavelength 
Λex excitation wavelength 
MPM multiphoton microscopy 
MPT multiphoton tomography 
NADH reduced nicotinamide adenine dinucleotide 
NCR nucleus-cell ratio 
ORR optical redox ratio 
PBS phosphate buffered saline 
RCM reflectance confocal microscopy 
SHG second harmonic generation 
TPEF two-photon-excited fluorescence  

Fig. 1. Technical principles of MPM technology (Ti-Sapph ¼ Ti-Sapphire 
femtosecond-pulsed Laser). 

Fig. 2. Jablonski energy diagram for TPEF and SHG [81,82]. Photon energy of the excitation beam is higher than the emitted fluorescence. a. One Photon Excited 
Fluorescence: Excitation with one high energy photon. b. Two-Photon Excited Fluorescence: Excitement by two simultaneous photons with double with double 
wavelength c. Second Harmonic Generation Signal: λem ¼ λex/2. (UV ¼ ultraviolet, IR ¼ infrared,λex ¼ excitation wavelength, λem ¼ emission wavelength). 
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Neoplasms can be detected and characterized by MPM depending on 
the ratio of cell organelles in the TPEF signal (e.g. NCR) [29]. Additional 
information can be obtained by analyzing collagen content and 
–distribution by its SHG signal, which is usually not easily detected in 
HE stained sections [11,27]. Basement membranes can be visualized by 
their SHG signal to determine cancer cell invasion [26]. Cell-to-cell 
communication mechanisms like tunneling nanotubes and their 
up-regulation in certain cancer types give another hint of tumor biology 
[30]. The optical redox ratio (ORR) as a measure of cell metabolism, can 
be defined by quantifying the tissue signal intensity of NADH and FAD at 
specific excitation wavelengths [11]. The ratio of free to protein bound 
NADH is an indirect measure of glycolysis and oxidative phosphoryla
tion, thus reflecting the metabolic state of a cell [7]. Tumor cells show an 
elevated ORR compared to tumor tissues after chemotherapy or healthy 
tissues [11,31]. Fluorescence lifetime imaging (FLIM) is another addi
tional MPM technique to discriminate further between different types of 
cells. Instead of detecting the fluorescence intensity, this technique 
quantifies the duration of fluorescence lifetime after laser excitation 
[17]. Further complementary imaging techniques are stimulated Raman 
scattering and coherent anti-Stokes Raman spectroscopy (CARS) [32]. 
These imaging techniques are based on vibrational microscopy and 
inherent specific scattering of tissue molecules (e.g. lipids) after laser 
excitation, facilitating intrinsic chemical mapping of tissues [32]. 

In basic research, three-photon excited fluorescence is a promising 
technique, providing improved optical sectioning and resolution 
compared to TPEF in a depth of up to 500 μm across the scull in a living 
mouse [33]. Excitation at longer wavelengths results in deeper tissue 
penetration, weaker scattering and therefore a better resolution in 
deeper tissue layers [33]. To our knowledge however, this technology 
has not been used in patients with solid tumors. 

The objective of this systematic review is to determine the value of 
MPM imaging in surgical oncology, to identify specific tumor 

characteristics in MPM imaging, to compare to gold standard histopa
thology, and to discuss current clinical applications, latest advances and 
future possibilities, as well as the current limitations for MPM imaging 
for surgeons in the clinical setting. 

2. Method 

In April 2019, we performed a Medline search (see Appendix for 
search strategy) on studies regarding multiphoton microscopy in surgi
cal oncology. Original research papers, comparing MPM imaging of 
unlabeled human tumor specimen (fresh, frozen, fixed) to standard 
histology were included. Exclusion criteria were animal studies, cell 
cultures or imaging after tissue labeling with fluorescent agents or dyes 
(PICOS Criteria, Table 1). A total of 549 abstracts were scanned. Review 
papers, case reports, animal and cell culture studies, and papers in 
languages other than English, German or French were excluded (Fig. 5). 
Papers meeting the inclusion criteria were assessed for eligibility by two 
separate reviewers. In case of disagreement, a third reviewer was con
sulted. A standardized, pre-piloted form was used to extract relevant 
data. Quality and applicability were assessed systematically by two 
separate investigators using the QUADAS-2 [34]. To assess quality of the 
included studies, sample selection strategy and qualification of in
vestigators were taken into account. Further assessment criteria 
included weather MPM and standard histology were evaluated by the 
same investigator. 

The group of blinded studies was analyzed separately as a subgroup. 
For blinded studies, sensitivity, specificity and accuracy were calculated 
using a 2x2 contingency table for each test with the numbers given in the 
studies. In cases where specimens were assessed by several independent 
investigators, the number of specimens was multiplied by the number of 
investigators blinded to standard histological diagnosis. 

This review was registered at the PROSPERO registry 

Fig. 3. a. Normal adrenal gland. Cells of the 
acini are clearly visible by their strong TPEF 
signal (color-coded green). Connective tissue of 
the capsule and in between individual acini is 
visualized by the SHG signal (clour-coded red) 
more clearly than in HE imaging (b.), c. MPM 
imgaing of a neuroblastoma shows loss of cell 
architecture, along with marked polymorphism 
of nuclear area and cells, d. These images shows 
the typical characteristics of neuroblastoma, 
including „small blue round cells“ and necrosis 
(corresponding HE image). (For interpretation of 
the references to color in this figure legend, the 
reader is referred to the Web version of this 
article.)   
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(CRD42019128424). 

3. Results 

A total of 188 studies were screened for eligibility, 53 original 
research articles published from 2007 through 2019 were selected for 
analysis by relevance. In each study, unlabeled human tissue was 
scanned with MPM for TPEF/SHG signals. In three studies [6,18,19], in 
vivo MPM imaging in human cancer patients was performed. In all other 
studies, TPEF/SHG signals were detected from fresh, frozen or fixed 
tissues after surgical or endoscopic resection (Table 1). MPM findings 
were validated by standard histological sections (HE) in 50 studies. In 
fourteen studies, the MPM examiner was blinded to the result of HE 
histology [12,28,35–46]. 

3.1. Types of tissues 

The specific types of tissues scanned in the studies are shown in 
Table 2. The vast majority of studies (n ¼ 22) were conducted in the 
fields of gastroenterology and general surgery (colorectal wall n ¼ 8, 
gastric wall n ¼ 8, esophageal wall n ¼ 5, pancreas n ¼ 2, liver n ¼ 1), 
followed by gynecology (breast tissue n ¼ 9, ovary n ¼ 2) and urology 
(kidney n ¼ 2, urothelium n ¼ 2, prostate n ¼ 2). 

3.2. Tissue preparation 

The imaging protocol was similar in most studies. In 26 studies, 
specimens were sectioned and consecutive sections were analyzed either 
by MPM or with the gold standard. In 19 studies, MPM scanning was 
performed and the same specimens were dyed with HE after MPM 
scanning. Only 13% of studies used a different protocol, half of those 
conducted in-vivo imaging. 

3.2.1. Fresh sections 
Fresh tissue sections were scanned in 36 studies. Sections were 

cooled and scanned directly or after placement in phosphate buffered 
saline (PBS). The timeframe from resection to scanning was specified in 
19 studies, mostly ranging from “immediately” to a 4 h interval. In only 
one study sections were kept on ice and scanned after 6–20 h [25]. Yan 
et al. showed that treatment with PBS is unnecessary to avoid drying and 
shrinkage, if tissue can be scanned without delay after excision [16]. 
One study compared scanning quality after different periods of time, 
showing a decrease of over-all fluorescence intensity of 23% after one, 
and 33% after 5 h in human brain tissue with marked alterations of the 
lipopigment signal in TPEF [47]. 

3.2.2. Frozen sections 
Frozen sections were used in eleven studies, comprising breast tissue 

[11,43], esophageal or gastric mucosa [8,48,49], liver [45], lung [50], 
brain [51], and skin [52]. In some studies, freezing was performed for 
tissue sectioning in the freezing microtome [8]. In other studies, frozen 
tissues were obtained from a tissue bank [45]. One study indicates that 
specimens were defrosted for 10 min at room air before imaging [50]. In 

Fig. 4. a. Clear TPEF signal (color-coded green) 
of pneumocytes and intraalveolar cells in normal 
lung tissue. Central blood vessel (*) with SHG 
signal (color-coded red) of the vessel wall, b. 
corresponding HE image, c. pleuropulmonal 
blastoma with loss of normal lung architecture 
and increased cell density in the TPEF signal. 
Irregular collagen structure and –distribution in 
the SHG signal, d. corresponding HE image. (For 
interpretation of the references to color in this 
figure legend, the reader is referred to the Web 
version of this article.)   

Table 1 
PICOS criteria.  

PICOS 
criteria 

inclusion criteria exclusion criteria 

participants human tumor specimen 
(fresh, frozen or fixed) 

animal studies studies on cell 
cultures, technical studies, healthy 
tissues 

interventions MPM imaging   
comparisons standard histology, MPM 

imaging   
study design blinded and unblinded 

original research studies 
case reports, review papers  
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four cases, PBS was dripped on the specimens during scanning. When 
imaging formerly frozen sections, tissue architecture as well as meta
bolic characteristics [11] can be detected via TPEF/SHG signal. Tissue 
architecture and extracellular collagen orientation does not seem to be 
altered by the freezing process [52]. 

3.2.3. Fixed sections 
Only seven studies scanned formalin-fixed or paraffin-embedded 

tissues [9,12,28,44,47,53,54]. Mehidine et al. compared MPM signals 
before and after formalin fixation, showing distinct alterations in the 
TPEF/SHG signal and especially the FILM signal in fixed sections [47]. 
Other groups showed that TPEF signals may even be enhanced, while 
SHG and NADH/FAD (necessary to detect the redox ratio) are lost to 
chemical alteration [53]. However, even after fixation, TPEF signals 
were found to still be sufficient to detect malignancy [47]. 

3.2.4. In vivo imaging in human patients 
In vivo application of MPM-Imaging in human cancer patients with 

MPT was described in three studies [6,18,19], in the fields of derma
tology [18,19] and neurosurgery [6]. In the dermatological studies, MPT 
imaging was performed in pigmented suspected malignant skin lesions 
[18] or suspected basal cell carcinoma in an unsterile setting prior to 
excision [19]. To minimize motion artefacts, a metal ring was taped to 
the patients’ skin and a magnet on the MPM decreased relative move
ment of the objective. Kantelhardt et al. described the use of MPT for 
open brain surgery to determine resection margins in a case of glio
blastoma multiforme from the surface of the resection area after dur
otomy [6]. The instrument was draped sterile and the tip was brought in 
direct contact to the tissue using a custom-made sterile adaptor and 
immersion by constant irrigation with normal saline. Images clearly 
showed loss of tissue architecture typical for high grade malignancy to a 
tissue depth of 50 μm. 

3.3. Detection plane 

3.3.1. Tissue sections 
Most studies (n ¼ 31) used only perpendicular tissue sections for 

MPM scanning similar to the sections later fixed and stained with HE. 
This way, tissue architecture in neighboring sections could be visualized 

and compared to the gold standard. 

3.3.2. Direct visualization through tissue surface 
In 18 studies, specimens were scanned directly from the surface in 

the z-plane without sectioning [5,7,9,16,17,26,31,37,38,43,46,52, 
55–61]. Fifteen studies used fresh, two frozen [43,52] and one fixed [9] 
specimen. The specimen was either scanned in a simple glass dish or 
incubation chamber [31], or was alternatively fixed on the surface with 
agarose gel [56] or modelling clay [59]. The plane of detection in the 
z-plane was specified in 10 studies and ranged from 0 μm to 250 μm. This 
facilitated visualization of esophageal mucosa [55], gastric mucosa [7] 
or urothelium [37,38] to the level of the lamina propria. A fibrous tumor 
pseudo capsule [9] or ovary surface epithelium [31] was also penetrated 
to scan the underlying tissue. 

3.4. MPM technology and visualization 

3.4.1. Equipment and settings 
Most studies were conducted with a conventional commercial MPM 

microscope combined with a mode-locked femtosecond titanium (Ti): 
sapphire laser. The mean excitation wavelength (λex) was 803 � 39 nm 
to produce the TPEF and SHG signals (Fig. 6). Only in one study, two 
different excitation wavelengths were used for excitation of the TPEF 
and SHG signal [55]. TPEF emission wavelengths (λem) was detected at a 
range of 429 � 15 nm–668 � 74 nm, while SHG signal was detected at 
shorter wavelengths between λem 384 � 14 nm and 408 � 46 nm. For 
lower magnifications (x4-x24), dry objectives were found to be useable 
[12,35–38,55], but higher magnifications (>x24-x150) required either 
water- [55] or oil immersion objectives. In most studies, commercial oil 
immersion objectives were used. 

A commercial MPT-FILM device with integrated tunable Ti:Sappire 
laser and oil immersion objective was used for the studies in vivo [6,18, 
19]. 

3.4.2. Qualitative, examiner-dependent measures 
A summary of typical MPM morphological findings for normal tis

sues und specific tumor entities is given in Table 3. 

3.4.2.1. Two-photon excited fluorescence (TPEF). TPEF imaging was 

Fig. 5. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) Inclusion flow chart.  
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performed in all studies. The main signal derives from NADP and FAD of 
the cytoplasm, mitochondriaor intracellular lipofuscin [12]and granules 
in mucus cells [62], implying that the TPEF signal is the greatest 
contributor to visualization of cellular tissue architecture and cell 
morphology with detail and resolution comparable to HE sections [58]. 
The nucleus was only detected as an area with absence of TPEF/SHG 
signal [27,28], which is generally referred to as the “nuclear area”. The 
density of this area increased in deeper tissue layers [57]. Therefore, 
nuclear margin irregularity, as a sign of cancer cells, was not always easy 
to objectify in MPM [28], especially in deeper layers [57]. In more su
perficial layers, however, MPM allowed nuclear margin irregularity 
[57], or even mitosis, to be visualized by the configuration of the nuclear 
area [50]. Furthermore, macromolecules such as muscle- [27] and nerve 
fibers [63], intima of arteries [27], and molecules of the extracellular 
matrix like elastin, and collagen [12], were visualized with fluorescence 
peaks at specific excitation wavelengths. In tumors, TPEF signal was 
usually heightened due to the increased cell density [55], inflammatory 
cells [7,39] or necrosis [39]. 

3.4.2.2. Second harmonic generation (SHG). In all but five studies, SHG 
signal was described. The SHG signal is produced by detection of scat
tering caused by proteins of the extracellular stroma. In contrast to HE 
sections, collagen content and orientation was quantifiable [49,64], 
giving additional information about tumor microenvironment. Collagen 
type I had both a strong SHG and TPEF signal [27]. Also, basement 
membranes (containing collagen type IV) were visualized, giving evi
dence of tumor stage and invasiveness [44]. SHG signal particularly 
enabled accurate evaluation of the lamina propria, as a sensitive tool to 
detect early stages of tumor invasion [27,40]. Kirkpatrick et al. were 
able to show a more linear collagen structure in younger, and a more 
diffuse collagen structure in older patients’ healthy tissues [31]. In 

Table 2 
Included studies and study characteristics (n.s. ¼ not specified).  

Author Year Tissue Number 
specimens 

Tissue 
preparation 

Balu M et al. 
[18] 

2014 skin 15 in vivo 

Balu M et al. 
[19] 

2015 skin 10 in vivo 

Chen J et al. [74] 2011 gastric wall 20 fresh 
Chen J et al. [55] 2014 esophageal mucosa 63 fresh 
Chen WS et al. 

[49] 
2014 esophageal mucosa 20 frozen 

Chen Y et al. 
[53] 

2014 pancreas 35 fixed 

De Giorgi V et al. 
[56] 

2009 skin n.s. fresh 

Fang N et al. 
[51] 

2019 brain 26 frozen 

Goedeke et al. 
[28] 

2019 variuous 7 fixed 

Han Z et al. [75] 2019 breast 30 fresh 
He K et al. [27] 2018 gastric mucosa 18 fresh 
Huang Z et al. 

[57] 
2012 nasopharyngeal 

mucosa 
9 fresh 

Huland DM et al. 
[63] 

2014 prostate 14 fresh 

Jain M et al. [37] 2012 urothelium 77 fresh 
Jain M et al. [35] 2014 lung 50 fresh 
Jain M et al. [38] 2015 urothelium 78 fresh 
Jain M et al. [36] 2016 kidney 80 fresh 
Jain M et al. [12] 2018 kidney 27 fixed 
Kantelhardt SR 

et al. [6] 
2016 brain 1 in vivo 

Kirkpatrick et al. 
[31] 

2007 ovary 53 fresh 

Li L et al. [39] 2014 colorectal mucosa 12 fresh 
Li L et al. [76] 2015 rectal wall 7 fresh 
Li L et al. [40] 2019 gastric wall 24 frozen 
Li LH et al. [41] 2015 colorectal wall 28 fresh 
Li X et al. [7] 2018 gastric mucosa 24 fresh 
Lin P et al. [54] 2018 brain 34 fixed/fresh 
Manfredini M 

et al. [17] 
2013 skin 16 fresh 

Mehidine H et al. 
[47] 

2018 brain 46 fresh/fixed 

Muensterer et al. 
[9] 

2017 pediatric tumors 7 fixed 

Nie YT et al. [64] 2015 breast 12 fresh 
Poulon et al. 

[42] 
2018 brain 25 fresh 

Qiu J et al. [65] 2015 colorectal 
submucosa 

15 fresh 

Rogart et al. [58] 2008 gastrointestinal 
mucosa 

24 fresh 

Tewari AK et al. 
[59] 

2010 prostate 95 fresh 

Wang CC et al. 
[50] 

2009 lung 10 frozen 

Williams RM 
et al. [25] 

2010 ovary n.s. fresh 

Wu S et al. 1 
[11] 

2018 breast 23 frozen 

Wu S et al. 2 
[52] 

2018 skin 19 frozen 

Wu X et al. [43] 2013 breast 24 frozen 
Wu X et al. [26] 2016 breast 60 fresh 
Wu Y et al. [77] 2018 breast 12 frozen 
Wu Y et al. 1 

[78] 
2015 breast 19 fresh 

Wu Y et al. 2 
[79] 

2015 breast 40 fresh 

Xu J et al. [44] 2013 esophageal mucosa 3 fixed 
Xu J et al. 1 [21] 2017 pancreas 8 fresh 
Xu J et al. 2 [8] 2017 esophgageal 

mucosa 
34 frozen 

Yan J et al. [48] 2011 gastric mucosa 20 frozen 
Yan J et al. [45] 2012 liver 224 fresh/frozen  

Table 2 (continued ) 

Author Year Tissue Number 
specimens 

Tissue 
preparation 

Yan J et al. [16] 2014 rectal mucosa 30 fresh 
Ying M et al. [5] 2012 coloractal wall 30 fresh 
Yoshitake et al. 

[61] 
2016 breast 179 fresh 

Zheng X et al. 
[46] 

2019 gastric wall 70 fresh 

Zhou Y et al. 
[80] 

2016 gastric muscular 
layer 

12 fresh  

Fig. 6. Boxplot of the excitation wavelengths (λex) and emission spectrum (min 
λem – max for λem) forTPEF and SHG signal detection used in the included 
studies. Λex was in the rage of 780–810 nm in 50% of studies. The median 
detection range was 430–708 nm for TPEF and 387–419 nm for SHG 
(λex ¼ excitation wavelength, λem ¼ emission wavelength). 
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Table 3 
Typical morphological findings (TPEF and SHG) for normal tissues und specific tumor entities. (NCR¼ Nucleus-Cell-Ratio).   

Healthy Tissue  Malignancy criteria 

Tissue origin TPEF SHG Tumor type TPEF SHG 

adrenal gland acinar cell architecture stroma neuroblastoma small cells, round nuclei, indistinct cell 
borders, tumor vessels  

brain neurons, elastin, 
lipopigments, porphyrins 

collagen, reticulin, blood 
vessel walls 

pituitary hyperplasia acini longer/more irregular     

glioblastoma 
multiforme 

disorganized tumorous cell 
architecture 

sparse signal, vascular 
prolifaration    

brain metastasis hypercellularity disorganized stroma 
breast acinus-duct architecture, 

epithelial cells with bright 
cytoplasm, fat cells, nucear 
area 

collagen content/- 
density/-orientation, 
basement membrane, 
fine-meshed thick 
collagen 

breast cancer cellular and nuclear pleomorphism, 
higher NCR, necrotic cells fill the duct 
lumen 

fragmented collagen 
fibers, loss of collagen 
signal, missing basement 
membrane    

fibrodenoma compressed ducts higher collagen content, 
altered collagen 
orientation    

fibrocystic lesion cysts filled with cystic fluid dense collagen 
surrounding cysts 

colorectal wall typical foveolar pattern, 
central/round crypt 
openings, epithelial cells, 
goblets cells, submucosal 
elastic fibers 

collagen content and 
-orientation, submucosa 
rich in collagen 

colorectal carcinoma irregular tubular structures, 
pleomorphism, disordered cells, dirty 
necrosis, lymphocyte infiltration, loss 
of goblet cells/cellular junctions 

reduced stroma, loss of 
collagen, distorted blood 
vessels, grading of fibrotic 
reaction after neo- 
adjuvant therapy 

esophageal wall keratinocytes, squamous 
epithelium, blood vessels 

lamina propria, 
submucosa 

adenocarcinoma pleomorph cancerous cells, 
surrounding fibrous stroma, intestinal 
metaplasia: columnar epithelium, 
foveulae, mucous cells, parietal cells, 
chief cells, lymphozyte infiltration 

abscence of basement 
membrane, disordered 
and sparser collagen, loss 
of SHG signal    

intestinal metaplasia columnar epithelium, foveulae, 
mucous cells, parietal cells, chief cells, 
lymphocyte infiltration     

esophagitis increased hight of connective tissue 
papillae, vascular congestion  

gastric wall cellular architecture extracellular stroma, 
honeycomb like collagen 
structure, submucosa 

adenocarcinoma cell pleomorphims, increased NCR, and 
necrotic states in the glandular cavity 

collagen structure broken 
by tumor tissue 

kidney glomerulus, tubules, blood 
vessels, NADH, lipofuscin, 
collagen type IV 

interstitium, collagen, 
hemosiderin 

renal cell carcinoma large, polygonal cells, distinct cell 
boarder, inhomogenous cytoplasm, 
"sandlike" granula,round pleomorphic 
nuclei, perinuclear halo     

renal clear cell 
carcinoma 

intracellular fat droplets, low NCR, 
sheets of tumor cells, thickened blood 
vessels, intracytoplasmatic granules     

papillary renal 
cellcarcinoma 

single-layer cuboid cells, papillae with 
fibro-vascular core, large histiocytes     

oncocytoma nested or acinar growth pattern, small 
cells, homogenous cytoplasm, larger 
garnulas, regular round signal-void 
nucleus     

papillary urothel 
carcinoma 

multi-layered epithelium with 
fibrovascular core     

nephroblastoma unordered tubules, solid atypical 
tumor cells, stroma with tumor vessels  

liver radial orientation of 
hepatocyte cords around 
central veins and 
hepatocytes, blood-filled 
sinusoids 

delicate strands of 
collagen network 
alongside hepatocytes 

hepatocellular 
carcinoma 

cellular and nuclear pleomorphism, 
increased NCR, thickened trabecular 
structures, pseudoglandular structures 

loss of collagen in the 
intercellular space    

cholangiocarcinoma glandular/tubular structures, 
abundant desmoplastic stromal 
reaction 

dense collagen    

Focal nodular 
hyperplasia  

central collagen and 
branch    

liver cell adenoma two-and three-cell-thick liver plates delicate strands of 
collagen alongside 
hepatocytes    

cavernous hemangioma large, cavernous vascular spaces filled 
with blood 

cavernous collagen 
structures    

liver cirrhosis vascular septa rich in elastic fibers collagenous septa 
lung pneumocytes, lacelike 

pattern of alveoli (elastin/ 
collagen), pleura (elastin), 
lymphocytes, marcorphages 

well defined fibrillar 
architecture of collagen 

atypical adenomatous 
hyperplasia 

proliferation of atypical pneumocytes, 
along the preexisting alveolar wall, 
discontinuous layer of pneumocytes     

adenocarcinoma 

(continued on next page) 
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tumor patients, SHG signal was significantly decreased or lost because of 
higher cell density [16,43] or heightened in collagen-producing tumors 
such as cholangiocarcinoma [45] or encapsuled tumors like nephro
blastoma [9]. Due to the strong SHG signal in blood vessels, tumor 
angiogenesis was more clearly visible and earlier detectable in MPM 
than in HE stained specimen [51]. Changes in collagen content and 
collagen orientation were able to be assessed objectively by the detec
tion of SHG signal intensity per pixel [11,52,64,65]. 

3.4.2.3. Detection of malignancy in blinded analysis. In fourteen studies, 
the MPM examiner was blinded to the gold standard HE result [12,28, 
35–46]. Studies examined detection of malignancy versus healthy tis
sues [21,37,38,40,42,43,45], surgical resection margins [21,46], spe
cific tumor entities [12,28,35,36,43] or tumor regression grade after 
neoadjuvant therapy [41] and dirty necrosis [39] in colorectal carci
noma. In the individual studies, MPM yielded sensitivity of 46–100%, 
specificity of 35–100%, and accuracy of 61–100%. One study stated the 
accuracy for detection of dirty necrosis in colorectal carcinoma was 
100% [39]. Regarding the detection of neoplasms, imaging of formalin 
fixed, deparaffinized specimens, yielded comparable sensitivity, speci
ficity and accuracy to fresh or frozen specimen [45].Considering the 

work of Jain et al. from 2012 to 2018 on urothelium and kidney masses, 
there seemed to be a considerable learning curve indicated by the 
improvement of sensitivity, specificity and accuracy over the years, 
evolving the technique to differentiate between various tumor entities 
(Table 4). In a subgroup analysis of eight studies (Table 4, *) analyzing 
the general detection of tumor without further differentiation with a 
total of 440 samples, MPM had an overall sensitivity 94%, specificity 
96% and accuracy of 95% for the detection of malignant tissue (Table 5). 

3.4.3. Objective measures in MPM 
In addition to subjective, examiner-dependent findings, MPM signals 

could be analyzed objectively by the computer. Most frequently 
described objective measures include FILM, optical redox ratio, and 
automated quantitative detection of the emission spectrum. In some 
studies, collagen content and –orientation were quantified by automated 
assessment of the SHG signal, and NCR or TPEF/SHG ratio was analyzed 
automatically by computer software. Objective, computed measures 
were found to be specific for each tissue and tumor entity, so that tumor- 
specific normal values were found that could be employed to interpret 
the results. 

Table 3 (continued )  

Healthy Tissue  Malignancy criteria 

Tissue origin TPEF SHG Tumor type TPEF SHG 

clear papillary projections composed of 
cuboidal to columnar cells 

collagen-rich 
fibrovascular cores    

small cell carcinoma pavementlike malignant cells, 
complete loss of the normal lung 
architecture, high NCR 

increased collagen content    

squamous cell 
carcinoma 

cellular masses decreased SHG signal    

pulmonary blastoma small cells with lack of cytoplasm, 
round nuclei, cellularity and necrosis  

nasopharyngeal 
mucosa 

honeycomb appearance, 
cytoplasm, nucelear area  

squamous cell 
carcinoma 

cellular pleomorphism, increased NCR  

ovary cell architecture, single layer 
squamous surface 
epithelium, simple cysts near 
the surface 

highly structured 
collagen in the stroma 

ovarian cancer pleomorph cells forming glandular 
structure, high NCR 

changes in collagen 
structure, desmoplastic 
stroma, collagen fibrils 
perpendicular to invasive 
edge 

pancreas acinus-duct architecture, 
boundry of lobule, mucin, 
basement membrane 

concentric fibrous 
bundles, short and thick 
collagen fibers, collagen 
clusters of stroma, 
basement membrane 

pancreatic mucinous 
neoplasm 

single layer columnar, mucin- 
producing epithelium 

dense collagenized stroma    

pancreatic ductal 
carinoma 

irregular glands, necrosis, randomly- 
arranged endothelium, increased NCR 

bands of fibrous stroma, 
increase of collagen 

prostate acinus-duct architecture, 
strong punctate 
autofluorescence in the 
cytoplasm (lipofuscein), 
adipocytes, nerve fibers 

collagen of the stroma, 
vas deferens 

adenocarcinoma clusters of small acini, sharp luminal 
borders, aggregated small secretions in 
the lumen, loss of architecture  

skin cell architecture, highly 
fluorescent cytoplasms and 
dark nuclei 

collagen content/- 
orientation 

basal cell carcinoma aligned elongated cells, palisading 
phenomenum, cell islands surrounded 
by fibers, melanophages, plum bright 
cells wit ill-defined borders, small cells, 
reduced fluorescent contrast between 
cytoplasm and nucleus     

malignant melanoma low resolution due to high absorbance 
of melanin     

dermatofibrosarcoma lower collagen intesity, altered cellular 
structure 

alterations in collagen 
shape, decreased collagen 
content 

urothelium multilayered urothelium 
with uniform thickness, 
umbrella cells, elastin fibers 

collagen fibers of the 
lamina propria 

carcinoma in situ varying surface urothelium, high NCR 
and marked nuclear pleomorphism, 
lymphocytes     

low-grade papillary 
urothelial carcinoma 

papillary fonds with thin, fibrovascular 
cores, mild pleomorphism, low NCR     

high-grade papillary 
urothelial carcinoma 

papillary fronds, sheets of tumor cells, 
moedrate cell and nuclear 
pleomorphism, high NCR,lLoss of 
polarity 

irregular nests of 
individual tumor cells und 
lamina propria or 
muscularis propria  
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3.4.3.1. Fluorescence lifetime imaging (FILM). FILM signal is an objec
tive observer-independent measure that was described in seven studies 
ex vivo [17,42,47,56] and in vivo [6,18,19], showing fluorescence 
lifetime changes with tumor development even in premalignant lesions 
[7]. We found available data for glioblastoma multiforme [42,47], and 
melanoma [56], as well as other skin tumors [17–19]. In highly malig
nant tumors, such as glioblastoma multiforme or malignant melanoma, 
FILM curve showed a narrow distribution at longer lifetimes compared 
to normal tissues [47,56]. The longer fluorescence lifetime was assumed 
to be an indicator of higher metabolic activity in tumor cells [6]. Given 
this assumption, unsurprisingly, FILM signal was altered by tissue fixa
tion [47]. 

3.4.3.2. Optical NADH/FAD redox ratio. The optical redox ratio was 
calculated in seven studies [11,31,41,42,45,57,60]. The emission peaks 
(λem) of NADH (λem 430–490 nm) and FAD (λem 500–560 nm) were 
detected separately to calculate the ORR [66] (ORR ¼ intensity of 
NADH/intensity of FAD [11]). A correct detection of the ORR depends 
on optimal settings of detector gain of photomultiplier tube and offset 
values for the different channels for collecting the NADH and FAD sig
nals [57].The redox ratio in cancer cells was higher compared to healthy 
tissues, indicating active metabolism [11,31,42,45,60]. In breast and 
colorectal cancer, the ORR decreased after neoadjuvant treatment of 
carcinoma in situ, but was still higher than in healthy tissue [11,41]. The 
ORR may also be used as a marker for tumor progression in colonic 
cancer, even when scanning for the mucosa surface [60]. The ORR can 
be calculated in fresh or even frozen specimen [11], after fixation with 
formalin, the NAD/FAD signal is altered and cannot be used to calculate 

the ORR [53]. 

3.5. Critical appraisal of quality and applicability 

The selected studies had a consistent design. Most ex vivo imaging 
studies (n ¼ 50) used one of two similar methods. More than half 
(n ¼ 26) of studies chose neighboring sections from the same tissue 
blocks for MPM and HE staining to compare the results, while 19 studies 
performed the MPM imaging first, with or without prior sectioning, and 
dyed the same specimens for HE imaging afterwards. 

Selection bias is the main concern in the selected studies (Fig. 7a). In 
23 reports, specimens of defined diagnosis were chosen consciously, 
while in 26 studies, the selection process was not elaborated. Further 
bias was introduced by the fact that in some studies, the same investi
gator analyzed the MPM and HE image simultaneously (n ¼ 9), or knew 
the result of the HE investigation by the time of the analysis (n ¼ 14). In 
17 studies, it was not stated whether either the MPM or HE examiner had 
prior knowledge of the outcome of the other test. 

Applicability to answer the review question was high in the included 
studies (Fig. 7b), since the vast majority of the selected studies used very 
similar study protocols. A small number of studies (n ¼ 3) described only 
MPM imaging without a gold standard reference. In four studies, only 
TPEF, but not SHG signal was described. These studies were included in 
spite of minor differences in the study protocol, because the main 
investigative questions of the value of MPM imaging for cancer were still 
addressed. 

4. Discussion 

MPM technology is based on the two-photon emission theory of 1931 
by Nobel Prize winner Maria Goeppert-Mayer [67] and has been 
adapted for medical use by Denk et al., in 1990 [3]. The groundbreaking 
work of these two people set the cornerstone for various laser-scanning 
methods, including reflectance confocal laser microscopy (RCM) [68] or 
other non-linear scanning technologies based on the application of 
external fluorophores [61]. Both RCM and MPM can be performed on 
unlabeled tissues, but MPM penetrates deeper into the tissue while RCM 
images mainly the surface layer. Therefore, in skin lesions, studies show 
that image resolution of RCM is sufficient to analyze superficial lesions 

Table 4 
Sensitivity, Specificity and Accuracy of blinded studies (RCC ¼ renal cell carcinoma, * included in calculation of detection of malignancy).  

Study tissue target of visualization n specimen n investigartors sensitivity specificity accuracy 

Goedeke et al., 2019 various neuroblastoma 1 38 46 100 61   
rhandomyosarcoma   100 35 66 

Jain et al., 2018 kidney renal oncocytoma in renal masses 27 2 100 100 100   
chromophobe RCC in renal masses   83 100 93 

Jain et al., 2016 kidney clear cell RCC in renal masses 40 2 98 100 99   
papillary RCC in renal masses   95 100 99   
chromophobe RCC in renal masses   80 100 99   
papillary urothelial carcinoma in renal masses   100 100 100 

Jain et al., 2015 urothelium malinancy* 78 2 97 100 99 
Jain et al., 2014 lung lung adenocarcinoma in pulmonal masses 25 2 94 100 96   

lung squamous cell carcinoma in pulmonal masses   57 100 88 
Jain et al., 2012 urothelium malignancy* 77 2 90 77 88 
Li L et al., 2019 stomach malignancy* 24 2 92 100 96 
Li LH et al., 2015 colon tumor regression grade 1 7 1 100 100 100   

tumor regeression grade 2   100 100 100   
tumor regression grade 3   100 100 100 

Li L et al., 2014 colon dirty necrosis 12 1   100 
Poulon et al., 2018 brain malignancy* 25 1 89 71 84   

glioblastoma glioblastoma multiforme   63 80 72 
Wu X et al., 2013 breast fibroadenoma 24 1 100 100 100   

cystic disease   67 94 88   
breast cancer*   100 100 100 

Yan J et al., 2012 liver malignancy* 164 1 96 96 96 
Xu et al., 2017 1 pancreas resection status compared to frozen sections 8 2 100 100 100   

resection status compared to HE sections*    75 75 
Zheng X et al., 2019 stomach clearance of resection margin of gastral tubular adenocarcinoma* 50 2 98 75 94  

Table 5 
2x2 contingency table after data extraction from eight blinded studies investi
gating the value of MPM for detection of malignant tissues compared to the gold 
standard HE sections (n ¼ 440). Overall sensitivity 94%, specificity 96%, accu
racy 95%.   

HE goldstandard 

MPM  malignant benign 
malignant 285 10 
benign 19 252  
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[61]. Also, RCM is much more cost-effective compared to MPM mainly 
as a result of lower hardware investment costs. However, even though 
image resolution on the surface seems to be similar [61], in direct 
comparison MPM offers a higher image resolution in the z-plane, deeper 
tissue penetrance, and lower phototoxicity [68]. Furthermore, detection 
of additional MPM signals like second and third harmonic generation 
provide further valuable diagnostic information [68]. 

Phototoxicity of MPM imaging is presumed to be low. However, only 
few studies have actually addressed the subject. Compared to other 
methods, such as confocal laser microscopy, photobleaching and 
phototoxicity are more limited to the actual scanning plane with less 
impact on the surrounding tissue [68]. D�ebarre et al. showed that there 
is a cumulative effect of the photon absorption process in Drosophila 
embryos by development of reactive oxygen species (ROS), or even 
ionization of molecules through laser energy [69]. In their study, 
phototoxicity could be limited by shifting excitation to longer wave
lengths and reducing the repetition rate. 

4.1. Advantages and challenges of MPM application in surgical oncology 

In basic science research, in vivo MPM imaging has made a major 
contribution to the understanding of tumor cell behavior. Tumor 
microenvironment and metabolism [70], signaling pathways [24], 
tumor migration, progression and metastasing [71], reaction to 
chemotherapy [72], as well as tumor angiogenesis [73] have been 
described in a multitude of animal models. 

In humans, a CE (Conformit�e Europ�eenne)-certified device the size of 
an ultrasound-machine has been developed, and is currently marketed 
and used for MPT-FILM for in vivo evaluation of skin lesions in the 
unsterile setting [18,19]. To facilitate transfer to a sterile intraoperative 
setting in order to evaluate lesions in the operative field or on the body 
surface, custom-made sterile adapters have to be fashioned and either 
need to be in direct contact with the region of interest or immersed in an 
optically inert medium [6]. Even traces of blood can create artefacts 
during scanning. Furthermore, imaging is influenced by ambient light 
and is preferably performed in the dark [6]. 

Systems for optical biopsies through a ridged probe, that can be 
inserted in a biopsy needle, have been developed [63], but not routinely 
used. In order to integrate MPM in endoscopes or laparoscopes, much 
more technical progress is needed, particularly in terms of downsizing 
the instruments. Furthermore, the necessity of direct contact with the 
tissue or immersion is an even greater problem, since contamination 
even with traces of blood or other secretions compromises imaging 
quality. Subsequently, endoscopic methods using fluid instead of air 
insufflation, such as cystoscopy, might be a more promising primary 

target for further investigations than laparoscopy or endoscopy of the 
gastrointestinal tract. Since scanning fields are extremely small, the re
gion of interest needs to be defined macroscopically with great care 
before employing in-vivo laser scanning. 

For ex vivo use of MPM in patients with suspected cancer, a small 
number of clinical trials have been published. With the technology 
available today, instantaneous sections can theoretically be scanned and 
diagnosed under sterile conditions directly in the operating room after 
excision by the surgeon, without further sectioning or staining. Image 
analysis can be supported by artificial intelligence. Since most multi
photon microscopes are sensitive and large devices, they are mostly 
located in separate laboratories. We expect these instruments to be 
applicable directly in the operating room with future miniaturization. 

4.2. How to use and interpret MPM 

In order to achieve high quality imaging and use the full potential of 
the method, including functional imaging like the optical redox ratio or 
FILM, fresh tissue samples need be scanned. Best results can be expected 
by imaging the tissues immediately, but no later than 4 h after excision. 
This way, FILM and ORR add objective information about the structural 
and metabolic state of the tissue. The tissue needs to be in direct contact 
to the lens or immersed in an optically inert fluid. This way, it can be 
scanned in the z-axis to a depth of several hundred microns from the 
surface. Definite scanning depth heavily depends on the fluorescence of 
the tissue. Resolution decreases in deeper scanning planes. Average 
epithelia can be scanned easily from the tissue surface to the lamina 
propria, facilitating the diagnosis of carcinoma in situ and early tumor 
stages, as well as the invasion beyond the lamina propria. 

Assessment of normal and atypical cell architecture is possible by the 
TPEF signal in vivo or in vitro with a comparable resolution to con
ventional microscopy of HE specimens. The TPEF signal derives from 
natural fluorophores that are mostly located in the cytoplasm or mito
chondria, such as NADH, FAD, but also extracellular molecules like 
elastin, muscle and nerve fibers [27] or collagen. As a consequence, 
polymorph tumor cell architecture can be seen in detail. Additionally, 
relevant structures to define tumor stages like basement membrane 
[36], the intima of blood vessels or inflammatory cells [41] can be 
visualized clearly. In microscopic cancer evaluation, many criteria are 
based on nuclear characteristics. Not being able to visualize the nucleus 
is one of the major disadvantages of MPM imaging of oncologic tissues. 
Some information, however, is given by the NCR and configuration of 
the nuclear area. MPM resolution is high enough to diagnose mitosis by 
configuration of the nuclear area alone [50]. 

On the other hand, SHG signal offers the chance to visualize 

Fig. 7. QUADAS-2 a. Risk of bias, b. Applicability concerns, numbers on the bars refer to the total number of studies in a category, category percentage of included 
studies is indicated on the y-axis. The rating criteria are shown in the appendix. (FT¼ Flow and Timing, RS ¼Reference Standard, IT¼ Index Test, PS¼ Pa
tient Selection). 
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alterations of the extracellular matrix more accurately than HE staining. 
Reticulin [54], fibrillar Type I collagen and Type IV collagen, are visu
alized clearly by the strong TPEF and SHG signal, defining the lamina 
propria and submucosa. Furthermore, the connective tissue of vessel 
walls, organ and tumor capsules helps to identify these structures. In 
malignant tumors, tissue fraction of extracellular matrix is reduced and 
replaced by polymorph cells. In most tumors, the ratio of TPEF and SHG 
signal intensity shifts towards TPEF, collagen structure and orientation 
are altered. By visualizing the basal lamina and lamina propria, carci
noma in situ can be accurately differentiated from invasive tumors. 

Additionally, objective measures like FILM, ORR, NCR, collagen 
content and –orientation can be calculated by the computer in fresh 
specimens. These data are usually expressed as tables or diagrams, 
depending on the processing software used. The corresponding values 
are specific for each tissue, each tumor entity and stage of treatment. To 
date, normal values exist for only very few tumors. Therefore, further 
research and the investigation of normal values for each tumor entity are 
essential. 

If MPM is not readily available at all times, frozen, as well as fixed 
sections yield sufficient TPEF/SHG signal to detect histological signs of 
malignancy. Possible alterations caused by fixation do not seem to have 
significant impact on the histological image. Functional imaging, how
ever, is no longer possible. 

Our review identified only 14 blinded studies out of a total of 53 
included research papers on MPM in cancer patients. After general 
feasibility has been proved, more blinded studies with larger patient 
numbers are needed to determine the diagnostic value of the method in 
terms of sensitivity, specificity and accuracy. For objective measures like 
FILM, ORR, NCR, collagen content and –orientation, normal values have 
to be established, using a standard data processing protocol. 

5. Conclusion 

MPM offers functional real time imaging of human tissues on a 
microscopic level without tissue preparation in vivo and ex vivo. Im
aging can be performed from the tissue surface to a depth of up to 
1000 μm, depending on the natural fluorescence of the tissue. Ex vivo, 
imaging of fresh tissues within an hour after excision offers the best 
TPEF and SHG signal. In fresh specimen, fluorescence lifetime imaging, 
virtual histochemistry and optical redox ratio give additional informa
tion about the nature and metabolic state of the tissue. Signal intensity 
per pixel, FILM, ORR and collagen content, as well as three-dimensional 
distribution patterns can be objectively detected by the computer in
dependent of the observer. 

Images of general and MPM specific tumor characteristics can be 
obtained with high accuracy, even though standard pathology in tumors 
is highly dependent on nuclear characteristics, which cannot be visu
alized by MPM directly. Instead, other tumor characteristics, such as 
alterations in the connective tissue, are easier to detect and can be 
measured objectively. 

MPT-FILM is already used for in vivo three-dimensional tissue 
evaluation in dermatology in an unsterile setting, and in one case in the 
sterile setting of neurosurgery. Further significant technical advances 
are needed to incorporate the technology into the fields of endoscopy 
and minimally invasive surgery. 

In summary, MPM is a promising relatively new technology that has 
been proven to be useful in the intraoperative diagnosis of neoplasms 
and is at the point of attaining clinical applicability in the near future by 
further miniaturization, standardization, and the combination with 
artificial intelligence. 

Contributions 

The study was planned by TTK. TTK and JG individually selected 
papers to be included in the review and performed the analysis of risk of 
bias and applicability. The process was supervised by OJM. TTK and 

OJM contributed to writing the final version of the manuscript. 

Funding 

This research did not receive any specific grant from funding 
agencies in the public, commercial, or not-for-profit sectors. 

Key points  

� MPM offers functional real time imaging of human tissues on a 
microscopic level without tissue preparation in vivo or ex vivo.  
� Ex vivo, imaging of fresh tissues within an hour after excision offers 

the best TPEF and SHG signal and additional objective functional 
imaging.  
� With MPM, tumor cells can be detected with a high sensitivity and 

specificity, even though the cell nucleus cannot be visualized.  
� Use of MPM in a sterile field of open surgery is feasible but requires 

extensive preparation.  
� In order to incorporate the technology in endoscopic procedures, 

technical innovation is mandatory. 
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Appendix 

Search Strategy 

(("multiphoton microscopy" OR "multi-photon microscopy" OR 
"multi photon microscopy" OR "multiphoton fluorescence microscopy" 
OR "multi-photon fluorescence microscopy" OR "multi photon fluores
cence microscopy" OR "two-photon microscopy" OR "two photon mi
croscopy" OR "two-photon excitation microscopy" OR "two photon 
excitation microscopy")) AND (cancer OR oncol* OR neoplasm* OR 
tumor OR carcinom* OR sarcom*) 

QUADAS-2 Questions for quality and accuracy assessment(34) 

Risk of bias 
Patient selection: Random or consecutive sample? Inappropriate 

exclusions? 
Index test: Did the MPM investigator know the result of standard 

histology? 
Are there concerns about the qualification of the investigator? 
Reference standard: Did the investigator of standard histology know 

the MPM result? 
Are there concerns about the qualification of the investigator? 
Flow and Timing: Did all patients receive standard histology? 
Were all samples included in the analysis? 

Applicability concerns 
Sample selection: Human malignant or benignant tumor tissue? 
Index test: Did the study investigate both TPEF and SHG signals? 
Reference standard: Did the study compare to standard histology? 
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