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Abstract. Colloid response is a type of tumor response that occurs after preoperative radiochemotherapy for
rectal carcinoma. Given its important influence on survival, the colloid response should be considered when
estimating histopathological reactions. Here, multiphoton microscopy (MPM) was applied to evaluate the colloid
response ex vivo. This study demonstrated that MPM has the capability to visualize the colloid response in the
absence of labels and can, in particular, identify rare residual carcinomatous cells in mucin pools. These results
highlight the potential of this nonlinear optical technique as a diagnostic tool for tumor response after neoadju-
vant treatment. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.20.5.051009]
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1 Introduction
Preoperative radiochemotherapy is a neoadjuvant treatment
that has become the standard of care for locally advanced gas-
trointestinal tumors and renders initially unresectable patients
resectable.1–3 As such, the assessment of the disease therapeutic
response and evaluation of residual disease are indispensable.
Colloid response is a type of treatment response that is defined
by predominant colloid changes with or without residual tumor
cells. Colloid response has an important impact on survival and
should be taken into account when evaluating histopathological
reactions, particularly for the detection of rare residual carci-
nomatous cells that float in mucin lakes.4–7 However, evaluation
of the colloid response by endoscopy, biopsy, ultrasound, and
preoperative magnetic resonance (MR) imaging is difficult
and small tumor cell clusters may remain undetected, which
could lead to incorrect clinical diagnoses.1,4

Multiphoton microscopy (MPM) relies on the nonlinear opti-
cal processes, second harmonic generation (SHG) and two-pho-
ton excited fluorescence (TPEF), to achieve high resolution
imaging of biological tissues and can detect cellular and subcel-
lular tissue microstructures.8–10 This new imaging technique
offers several advantages in that results can be acquired in real
time without the use of labels while the near-infrared excitation
provides superior optical penetration with minimal photodam-
age. In this study, we used MPM to estimate the colloid response
in rectal carcinoma after preoperative radiochemotherapy, with a
particular focus on the detection of remaining malignant cells.
To the best of our knowledge, no other study describing the use
of MPM imaging to examine the colloid response has been
conducted.

2 Materials and Methods

2.1 Nonlinear Optical Imaging System

The nonlinear optical imaging system has been described
previously.11,12 In brief, a commercial laser scanning micro-
scopic imaging system (LSM 510 META, Zeiss, Jena,
Germany) equipped with a mode-locked femtosecond Ti:sap-
phire laser (110 fs, 76 MHz) that is tunable from 700 to 980 nm
(Coherent Mira 900-F) was used to obtain high-resolution
images of the muscularis propria in cancerous human rectum
after preoperative radiochemotherapy. A Plan-Apochromat oil
immersion objective (63× and NA ¼ 1.4, Zeiss) was used to
focus the excitation beam into tissue samples and also to collect
backscattered intrinsic SHG and TPEF signals. The META
detector consists of a high-quality reflective grating as a disper-
sive element and an optimized 32-channel photomultiplier tube
array to collect emission signals within the random range from
377 to 716 nm to achieve imaging. An IR beam block filter
(Zeiss KP650), which is in front of the META detector, was
used to ensure that excitation light is filtered out and only emis-
sion signals are recorded.

The system has two modes of operation: channel mode and
lambda mode. The lambda mode was used to obtain the emis-
sion spectrum intensity of regions of interest within the spectral
image. To obtain simultaneous high-contrast TPEF/SHG
images, TPEF and SHG signals were acquired at 810 nm exci-
tation with 2.56 μs∕pixel in a two-channel mode. One channel
corresponded to the wavelength range of 387 to 419 nm for col-
lection of collagen SHG signals (color-coded green), whereas
the other channel covered the wavelength range of 430 to
698 nm to show TPEF signals (color-coded red).
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2.2 Specimen Preparation

Seven patients with rectal adenocarcinoma were recruited to par-
ticipate in this study, which was approved by the Institutional
Review Board of the Affiliated Union Hospital, Fujian Medical
University. Prior to study participation, all patients signed an
informed consent form. Seven fresh specimens were obtained
immediately after proctectomy from patients who had under-
gone preoperative radiochemotherapy. After removal by sur-
geons, each specimen was placed in a standard pathologic
transport container, covered with ice, and then sent to a pathol-
ogy laboratory. Every specimen was cut into five 10-μm thick
serial tissue slices. The middle slice was stained with H&E for
histological images and the other sections were sandwiched
between the microscope slide and a cover slip for multiphoton
microscopic imaging. To avoid dehydration or shrinkage during
the imaging process, a small amount of phosphate-buffered
saline solution was applied to the specimen. Moreover, a total
of seven normal samples were obtained for comparison.

2.3 Histology Analysis

MPM images revealed that three patients displayed colloid
response to radiochemotherapy and 15 random positions of
mucin pools were selected to image. The H&E stained specimen
slices were reviewed by a certified pathologist and their images
were then obtained using a standard bright field light micro-
scope (Eclipse Ci-L, Nikon Instruments Inc., Japan) with a CCD
(Nikon, DS-Fi2, Japan). Finally, results fromMPM images were
confirmed by comparison with H&E images obtained from light
microscopy (40×).

2.4 Quantification Methods

In order to quantitatively describe changes of the collagens ver-
sus elastic fibers and the redox ratio during the progress of neo-
adjuvant radiochemotherapy, the SHG-to-TPEF ratio and redox
ratio defined as the ratio of nicotinamide adenine dinucleotide

(NADH) to flavin adenine dinucleotide (FAD) fluorescence
were calculated. They were expressed as the form of a mean
value followed by its standard deviation (mean� SD). In par-
ticular, its SD signified the changed degree of SHG-to-TPEF
ratio and redox ratio, respectively.

3 Results
Figure 1 displays representative TPEF/SHG images of normal
rectal muscularis propria and corresponding H&E light micro-
scopic images. The major constituents of normal rectal muscu-
laris propria are collagen and elastic fibers. Collagen is
visualized distinctively in Fig. 1(a) through its SHG signal
(color-coded green), while the elastic fibers are shown in
Fig. 1(b) via the TPEF signal (color-coded red). The collagen
fibers are bunched and parallel to each other, whereas the elastic
fibers have a long rope-like morphology that allows spring-like
coil and recoil. Overlaid SHG and TPEF images are shown in
Fig. 1(c) and are in agreement with the corresponding H&E
image shown in Fig. 1(d).

To elucidate the origins of multiphoton signals in fresh sam-
ples, the emission spectroscopic investigations on the muscular
layer including the normal and abnormal sections were per-
formed. The fresh tissue sections were excited at 810-nm
excitation wavelength and the emission signals were collected
between 377 and 716 nm using a spectral detector under the
Lambda Mode setting. In our results, the normalized spectra
of abnormal tissue with and without the colloidal response
are consistent, whereas the spectra of the normal and abnormal
tissues show obvious differences. There are six distinct peaks at
405, 470, 511, 530, 630 and 690 nm in Fig. 2. According to
previous publications, the strong fluorescence peak at 511 nm
corresponded to elastin, whereas the fluorescence peaks at 470
and 530 nm were responsible for NADH and FAD respectively,
and the 405-nm peak (half of the 810-nm excitation wavelength)
originated from collagen.13,14 Additionally, the fluorescence
peaks around 630 and 690 nm were attributed to porphyrin
derivatives. In comparison with normal muscularis, the SHG

Fig. 1 Multiphoton microscopy (MPM) images and corresponding H&E light microscopic images of
normal rectal muscularis propria. (a) second harmonic generation (SHG) image (color-coded green);
(b) two-photon excited fluorescence (TPEF) image (color-coded red); (c) SHG/TPEF image overlay;
and (d) H&E stained image (40× magnification). The scale bar represents 100 μm.
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signal from the abnormal muscular layer undergoing neoadju-
vant therapy is much stronger than the TPEF signal because of
fibrosis.

Meanwhile, Fig. 3 shows representative SHG/TPEF images
of the colloid response after preoperative radiochemotherapy
that were obtained by imaging the human rectum with carci-
noma cells invading into the muscularis propria and correspond-
ing H&E light microscopic images. Compared with normal
muscular tissues, the collagen fibers in cancerous tissues are
highly abundant but disordered [Fig. 3(a)], while the elastic
fibers are severely disrupted and sparser [Fig. 3(b)]. In order
to quantitatively describe the changes in collagens and elastic
fibers seen in normal and abnormal rectal muscularis propria,
SHG:TPEF intensity ratios, which have been proposed to be

a diagnostic indicator for gastrointestinal diseases,15,16 were cal-
culated for normal and abnormal tissue and expressed as a mean
value with standard deviation (mean� SD). Under the lambda
mode, the emission intensity from collagens and elastic fibers
after background subtraction was simultaneously obtained
under the same conditions. The SHG:TPEF ratio in normal tis-
sue was 0.87� 0.34, but in abnormal tissue, it was 5.79� 2.49

and there are highly significant differences (P < 0.001) between
the normal and abnormal tissues according to one-way analysis
of variance test (SPSS version 15.0). In a representative high-
contrast SHG/TPEF image, the collagen fibers appear yellowish
because they simultaneously produce SHG and TPEF signals
[Fig. 3(c)].

Fig. 2 Normalized multiphoton emission spectrum of muscular layer, obtained with an excitation wave-
length of 810 nm.

Fig. 3 MPM images and corresponding H&E light microscopic images of colloid response after preop-
erative radiochemotherapy characterized by large mucin pools with rare residual cancerous cells (white
arrow). (a) SHG image (color-coded green); (b) TPEF image (color-coded red); (c) SHG/TPEF image
overlay; and (d) H&E stained image (40× magnification). The scale bar represents 100 μm.
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Upon cancer cell invasion, muscular tissues can be seriously
damaged and the amount of collagen and elastic fibers is
severely depleted, while normal cells are replaced with large
numbers of abnormal cells.17 After preoperative radiochemo-
therapy, rectal cancer that responds to this treatment undergoes
significant regression, which results in the disappearance of car-
cinoma cells and replacement of the tumor by fibrous or fibroin-
flammatory tissue such as collagen fibers.18,19 More importantly,
the colloid response or so called mucin lakes that are often seen
in postirradiation tumors can be identified in Fig. 3, where large
areas of mucin pools appear dark. However, rare residual car-
cinomatous cells floating in the mucin lakes can be detected
(white arrow). These tissue architecture details readily correlate
with the H&E stained image [Fig. 3(d)].

The microstructures of these rare residual cancerous cells are
shown more clearly in Fig. 4, which represents magnified SHG/
TPEF images of the region within the white box seen in Fig. 3(c)
and the corresponding H&E image. The carcinomatous cells are
present in small clusters and float in mucin pools as evidenced
by their TPEF signal, while the mucin lake is dark and does not
emit TPEF or SHG signals. These qualitative morphological
variations are in excellent agreement with the paired histopatho-
logical sections with H&E staining [Fig. 4(d)]. Furthermore, the
ratio of NADH to FAD fluorescence, which was previously
reported to be a good indicator of the cellular metabolic
state,20,21 was calculated for abnormal cells through a similar
procedure. Detailed information including the SHG:TPEF inten-
sity ratio and redox ratio was summarized in Table 1, where the
abnormal tissue stands for the tissue with and without colloidal
response as the colloid does not emit any signals and then does

not affect the calculated ratios. In our study, the ratio of NADH
to FAD is ∼1.11� 0.02, which is close to the metabolic state of
normal cells 1.27� 0.09.22 This result further reflects that the
abnormal cells undergo significant regression after preoperative
radiochemotherapy.

4 Discussion
Dworak et al.1 initially described predominant colloid changes
that occur after preoperative radiotherapy. Such changes include
the presence of a mucin substance or mucin pools with
very sparse residual tumor cells involving the rectal wall.
Nevertheless, the ability to detect viable tumor cells in such
mucin lakes is critical to determine whether there is remaining
viable tumor tissue that could be dispersed within the rectal wall
or perirectal tissue. In addition, the difficulty in identifying vital
tumor cells in mucin lakes on the resection margin, especially in
frozen sections, could lead to unnecessary surgical extensions of
the resected area whether or not vital tumor cells are present.1,4

However, remaining viable tumor cells are often rare and exist as
either isolated cells or in small clusters, making them difficult to
find by conventional microscopic examination or undetectable
by conventional preoperative examination techniques such as
ERUS, CT, PET, and MRI.23

Biological tissues have many naturally occurring fluores-
cence sources, including NADH, FAD and cellular structural
proteins that can generate TPEF signals, while the nucleus
does not emit any signals.13,14 Such signals are obvious against
the dark background of cell nuclei and mucin lakes that are sur-
rounded by strong TPEF or SHG signals, which offers the pos-
sibility of using MPM to detect the rare residual carcinomatous
cells. Furthermore, MPM can provide sequences of optical sec-
tions within the scattering specimens, which can be advanta-
geous when combined with endoscopy to realize a real-time
microscopic diagnosis that can assist the surgeon in selecting
the resection margin. Moreover, the intensity ratio of cellular
NADH to FAD fluorescence, the redox ratio, can be used as
a diagnostic tool to evaluate mitochondrial energy metabolism.
The metabolic state of the cancerous cells is known to be accel-
erated compared to normal cells so that comparison of redox
ratios of normal and abnormal tissues from the same patient
can reflect the degree of pathological changes.20–22 Thus,
MPM may provide real-time noninvasive optical diagnosis of
tumor response to preoperative radiochemotherapy.

The impact of colloid response on survival after preoperative
radiotherapy for rectal carcinoma was initially evaluated by
Rullier et al., who found that patients with colloid response
had an exceptional risk of local recurrence that was similar
to those with downstaging, but a high risk of distant recurrence
was found in patients who had no response.4 Furthermore, the
survival after colloid response was higher than for patients
showing no response but lower than for those who showed
downstaging. These results demonstrate that tumors with colloid
response should not be underestimated by the pathologist,
regardless of whether vital cancer cells are present or absent

Fig. 4 Magnified MPM images of the region of interest (ROI) shown in
Fig. 3(c) (white box) and the corresponding H&E light microscopic
image, which provide more detailed structural information for the
residual abnormal cells. (a) SHG image (color-coded green);
(b) TPEF image (color-coded red); (c) SHG/TPEF image overlay;
(d) H&E stained image. The scale bar represents 50 μm.

Table 1 Feature parameters of normal and abnormal tissues.

Parameters Normal tissue Abnormal tissue P value

SHG:TPEF 0.87� 0.34 5.79� 2.49 <0.001

NADH:FAD 1.27� 0.09 1.11� 0.02 <0.01

Journal of Biomedical Optics 051009-4 May 2015 • Vol. 20(5)

Li et al.: Assessment of colloid response by nonlinear optical microscopy. . .



in microscopic examinations. Given the advantages provided by
MPM, including the capacity to produce real-time, label-free
images that can be acquired in the near-infrared range, MPM
may represent a valuable tool to assess colloid response, in
particular to detect remaining tumor cells after preoperative
radiotherapy to treat rectal carcinoma.

5 Conclusions
In summary, MPM was used to evaluate colloid response after
preoperative radiochemotherapy in rectal cancer. MPM was
found to be effective for identifying the colloid response and
especially for detecting rare residual cancerous cells in mucin
lakes. These results suggest that this new nonlinear optical tech-
nique has potential, as a noninvasive in vivo imaging tool, to
diagnose tumor response after neoadjuvant treatment.
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