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Abstract

Fluorescence imaging is a powerful technique with diverse applications in intraoperative set-

tings. Visualization of three dimensional (3D) structures and depth assessment of lesions,

however, are oftentimes limited in planar fluorescence imaging systems. In this study, a

novel Fluorescence Imaging Topography Scanning (FITS) system has been developed,

which offers color reflectance imaging, fluorescence imaging and surface topography scan-

ning capabilities. The system is compact and portable, and thus suitable for deployment in

the operating room without disturbing the surgical flow. For system performance, parame-

ters including near infrared fluorescence detection limit, contrast transfer functions and

topography depth resolution were characterized. The developed system was tested in

chicken tissues ex vivo with simulated tumors for intraoperative imaging. We subsequently

conducted in vivo multimodal imaging of sentinel lymph nodes in mice using FITS and PET/

CT. The PET/CT/optical multimodal images were co-registered and conveniently presented

to users to guide surgeries. Our results show that the developed system can facilitate multi-

modal intraoperative imaging.

Introduction

Multimodal imaging is a promising strategy to overcome limitations of medical imaging tech-

nologies by combining strengths of individual modalities. Clinically, multimodal imaging

modalities such as positron emission tomography and x-ray computed tomography (PET/CT)

and single photon emission computed tomography and x-ray computed tomography (SPECT/

CT) are used to capture and present both functional and anatomical data to physicians, facili-

tating clinical decision making. However, their utility in intraoperative settings is limited due

to their high cost and the extended scanning time [1–6]. Moreover, these imaging modalities

lack real time update, which is crucial for guiding surgeries.

Optical imaging, on the other hand, enables real time imaging and thus represents a prom-

ising technology for intraoperative guidance. Compared with visible light, near-infrared (NIR)
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spectral region (650–900 nm) offers deeper penetration, reduced tissue scattering and absorp-

tion, and minimal autofluorescence, making the NIR window ideal for clinical applications [7,

8]. In recent years, fluorescence imaging has attracted significant attention in the fields of intrao-

perative imaging, image-guided therapy and surgery [1–3, 9–15]. Since planar fluorescence

imaging cannot provide depth or size information, several multimodal imaging approaches in

which tomographic fluorescence imaging is integrated with other imaging modalities have been

proposed for 3D visualization. For instance, dual-modality imaging systems consisting of fluo-

rescence molecular tomography (FMT) and CT have been developed and applied to various

medical applications [16–19]. A bimodal imaging system that incorporates an FMT system into

MRI was introduced for a small animal simultaneous imaging acquisition [20]. In combination

with nuclear imaging, Li et al. integrated fluorescence tomography with PET for studying multi-

modal imaging probes and complementary pairs of radiotracers [21]. van Oosterom et al., on

the other hand, integrated bioluminescent and fluorescence imaging into SPECT to provide

high-resolution and highly quantitative SPECT information about tracer kinetics [22]. These sys-

tems are excellent for research purposes but not optimized for intraoperative guidance due to

their limitations in scan time as the FMT technology needs relatively long period of time for

image acquisition and reconstruction. The resolution is also limited, hindering its use in the sur-

gical applications such as tumor margin imaging.

To overcome these challenges, we have developed a novel Fluorescence Imaging Topogra-

phy Scanning (FITS) system. The system can capture intraoperative fluorescence, color reflec-

tance and surface topography. Several experiments were performed on small animal models to

validate the capabilities of the system in providing multimodal imaging, navigation and guid-

ance for surgery. We also performed multimodal imaging of the sentinel lymph nodes (SLN)

using FITS and PET/CT in vivo. The preoperative PET/CT data co-registered with intraopera-

tive FITS data can provide depth information and multimodal image guidance for surgery.

Materials and methods

Fluorescence Imaging Topography Scanning system

The FITS system was developed to perform topography scanning by applying coded struc-

tured-light imaging [23]. A typical structured-light 3D surface imaging system includes a pro-

jector and a camera which are geometrically calibrated as shown in Fig 1A. In principle, the

distortion of the projected structured-light patterns imaged by the camera in comparison with

the undistorted projection patterns is computed to extract the 3D coordinates of objects. We

implemented a combination of the gray-code coding and phase shift techniques to achieve sur-

face structures based on a temporal sequence of black and white stripe and sinusoidal patterns

[23]. Gray codes originally proposed by Inokuchi et al. in 1984 [24] and phase-shifted patterns

with a sinusoidal intensity modulation are illustrated in Fig 1A. The length of the codeword is

given by 2n bits, where n is the total number of projected patterns. Particularly, a unique code

refers to each point on the surface of the object. A large number of sequential gray-code pat-

terns are needed to achieve a high spatial resolution. The combination of the gray-code coding

and phase shift techniques increases the spatial resolution as the phase shift technique offers

sub-pixel resolution beyond the number of gray codes projected [23]. After sequential gray-

code and sinusoidal pattern projections of both horizontal and vertical stripes, the column and

row lines form a full frame of 3D images. Coding procedures assign accurate correspondences

for each point in the projector, projection patterns and detector pixels. The triangulation prin-

ciple as Eq 1 is then applied to compute the correspondences for a 3D point cloud as Pi = (xi,yi,

zi,Ii), i = 1:N, where N is the total points in the surface, and Ii is the value of the ith surface
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point.

L ¼ B
sinðaÞ

sinðaþ bÞ
ð1Þ

The geometric relationship between the detector, a structured-light projector, and an object

surface point is depicted in Fig 1A.

All components of the FITS prototype as shown in Fig 1B including a projector (LED K11,

Acer), a monochrome camera (DMK 42BUC03, The Imaging Source with Computar 12mm

lens) and filters are assembled on a compact optical breadboard which can be mounted on a

standard tripod for easy deployment in clinical settings. The projector and camera are con-

nected to a laptop computer. The projector is also employed as the light source for fluorescence

imaging. A short-pass filter (775 nm) (Edmund Optics, NJ) and a band-pass filter (832 ± 37

nm) (Edmund Optics, NJ) are attached to the projector and the camera for provision of excita-

tion and filtration of emission wavelengths of ICG, respectively. The system was calibrated for

an optimal working distance range from 268 mm to 467 mm. Camera exposure time was set at

100 milliseconds for all measurements. As developed, the FITS system offers intraoperative

surface topography scanning, color reflectance and fluorescence imaging. The prototype is a

lightweight (3.6 kg) and compact in design (23x23x23 cm) and thus can be easily transported

and deployed in the operating room.

Fig 1. Fluorescence Imaging Topography Scanning (FITS) system. (A) A schematic illustration of 3D topography scanning with sequential gray code

projections. (B) Top view of the prototype FITS system.

https://doi.org/10.1371/journal.pone.0174928.g001
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System characterization

NIR fluorescence detection limit, contrast transfer functions and topography depth resolution

were investigated to evaluate system performance. Indocyanine green (Sigma Aldrich, MO)

dissolved in a dimethyl sulfoxide (DMSO) solvent (Sigma Aldrich, MO) was prepared for stud-

ies and testing the system. A set of diluted fluorescence solutions with various ICG concentra-

tions including 10 nM, 20 nM, 55 nM, 95 nM, 185 nM, and 370 nM was used to characterize

ICG sensitivity. For each concentration, three 0.3 mL circular cylinder capsules of ICG solu-

tion and a DMSO reference capsule were placed on chicken tissue and then imaged by the sys-

tem at two working distances (300 mm and 400 mm). The detection limits for ICG were

determined afterwards.

The 1951 USAF resolution test chart (Edmund Optics, NJ) was utilized for contrast charac-

terization. Images of the chart captured at five working distances of the camera including 300

mm, 350 mm, 400 mm, 450 mm, and 500 mm were analyzed. Contrast transfer functions

(CTF) as the correlation between contrast and spatial frequency were then quantified. For

depth resolution, two thin plates in which one of them was placed at different depths to the

other were scanned at 300 mm from the system. To further characterize the FITS prototype

performance, two parallel plastic tubes containing 200 nM ICG were laterally separated by dis-

tances of 0.1 mm, 0.25 mm, 0.5 mm, 0.75 mm and 1 mm, and observed at different working

distances to determine fluorescence resolution of the system.

Ex vivo image-guided surgeries in chicken

In this study, two 0.3 mL circular cylinder capsules were implanted under the chicken leg skin,

simulating protruding tumors. One capsule containing ICG solution is used to simulate a

malignant tumor, and the other capsule containing deionized water was used as the control. In

another experiment, the ICG was directly injected into the chicken tissues, in which the skin

was removed, to simulate infiltrating tumors with a diffusive margin. The FITS system was

used to identify the simulated malignant tumor and fluorescence-labeled tissues in the chicken

and subsequently conduct image-guided surgeries ex vivo.

The imaging procedure comprises topography scanning, color reflectance, fluorescence

imaging and image processing. The chicken leg was placed within the calibrated working dis-

tance range for optimal intraoperative imaging. First, the system was adjusted to obtain the

best focus and scanned for surface structures. After obtaining a mesh topography, red, green

and blue light were sequentially projected on the object and captured by the detector, which

were used to synthesize a color reflectance image based on the division-of-time technique. The

fluorescence-labeled targets were subsequently illuminated by the light source with excitation

filter in the light path, and the detector captured the images with the NIR emission filter in the

light path. The fluorescence image was overlaid with the true-color reflectance image to create

a composite image where fluorescence information was pseudocolored in green. Finally, the

fluorescence-reflectance composite image was mapped and registered to the topography.

In vivo multimodal imaging of mouse SLNs with PET/CT

Sentinel lymph node biopsy is the standard staging technique for breast cancers and melano-

mas. In clinical settings, radionuclides and blue dye are often used together for lymph node

mapping. NIR mapping of SLNs have also been conducted in recent years [9–15]. In this

study, we tested the FITS system in multimodal imaging of SLNs with both radionuclides and

ICG.

Radiotracer synthesis. Gallium-68 (68Ga) production: All chemicals were purchased

from Sigma-Aldrich Chemical Co. (St. Louis, MO), unless otherwise stated: Aqueous solutions
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were prepared using ultrapure water (resistivity, 18 MO). 68Ga (t1/2 = 68 min) was produced

from a 68Ge/68Ga generator (IGG100, Eckert and Ziegler, Berlin, Germany) and purified using

a cation exchange column (Strata-X-C, Phenomenex). ~1 mL of 68Ga (650 MBq) was obtained

in 0.02 M HCl and 98% acetone.
68Ga labeling: NODAGA-c(RGDyK) (4.0 nmol, ABX GmbH: advanced biochemical com-

pounds, Radeberg, Germany) was mixed with 68Ga (~90 MBq) in ammonium acetate buffer

(100–150 μL, 0.1 M, pH 4.0) and incubated for 15 min at room temperature. Radiochemical

purity was determined using radio reversed-phase high-performance liquid chromatography

(RP-HPLC). The radiotracer solution was diluted with sterile 0.9% NaCl for animal studies.

SLN biopsy guided by FITS-aided multimodal fluorescence/PET/CT guidance. All ani-

mal studies were conducted according to the protocols approved by the Animal Care and Use

Committee at the University of Pittsburgh. During radiotracer injection and imaging, the

mice were anesthetized with 2% isoflurane. 68Ga-NODAGA-c(RGDyK) (5–7 MBq, ~100 μL)

and 10 μL of ICG in saline solution (7.82 nanomoles ICG) was co-injected in the right forepaw

of ICR/CD-1 mouse (Charles River Laboratories Inc., Wilmington, MA). Gentle clipping and

cream depilation removed the hair overlaying the region of interest. For animal studies, the

mice were anesthetized with ketamine and xylazine cocktail (80 mg/kg and 13 mg/kg, respec-

tively, intraperitoneal injection), subsequently attached and fixed on platforms with markers

during experiments to maintain their geometrical positions for all imaging modalities. The

mice were imaged using an Inveon Small Animal PET/CT (Siemens Molecular Imaging,

Knoxville, TN) and sequentially imaged with the FITS system. The subcutaneous axillary

region was exposed by incising and retracting the overlaying skin under image-guidance of

FITS. Accordingly, SLNs were identified and resected. After resection, surgical sites were

inspected thoroughly with the FITS system. SLNs were examined with the system ex vivo.

Excised tissues were embedded in Tissue-Tek OCT medium (Sakura Finetek, Torrance, CA,

USA) and stored at -80˚C. Standard histology was performed to confirm the in vivo findings.

The mice were sacrificed immediately after imaging experiments by IP injection of 150 mg/kg

sodium pentobarbital (Somnosal, MedVet, Worthington, OH, USA).

Image co-registration. We used feature-based image registration, in which image features

such as edges, corners, lines, curves, regions, templates, and patches are utilized to establish

point-by-point correspondences between images from different imaging modalities [25]. The

FITS data containing topography/fluorescence/reflectance and the PET/CT images were pre-

processed separately before co-registration. Surface topography was mapped to fluorescence-

reflectance composite image from the FITS system, using perspective correct mapping shown

in Eq 2.

ua ¼
ð1 � aÞ

u0

z0
þ a

u1

z1

ð1 � aÞ 1

z0
þ a 1

z1

¼
z1u0 � au0z1 þ au1z0

z1 � az1 þ az0

ð2Þ

Where uα is the image coordinate between two endpoints u0 and u1. The perspective correct

mapping interpolates after dividing by depth z, then uses its interpolated reciprocal to recover

the correct coordinate. After mapping the topography/fluorescence/color data was imported

in MeshLab (Visual Computing Lab, Pisa, Italy) and manually cropped to remove unnecessary

faces and vertices of the model and meshes outside the regions of interest. DICOM data from

the PET/CT was imported in ImageJ (NIH, USA) and manually segmented based on intensity

to extract information of different tissue types. The PET/CT data were saved in OBJ files and

then imported and rescaled in MeshLab. We employed the alignment tools in MeshLab to co-

register PET and CT data into the FITS data [26]. Common points between the FITS and PET/

CT models were manually selected based on features of the target, the markers and the platform
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and used to establish point-by-point correspondences. The FITS and PET/CT meshes were

roughly aligned based on the correspondences and subsequently refined with ICP (Iterative

Closest Point) and global alignment. The final transformation matrix was defined and applied

to precisely register the PET and CT into the FITS models. Transparency of the models in the

alpha composition was adjusted to enable visualization of multimodal information in registered

images for intuitive visualization.

Results

System characterization

The correlation between fluorescence pixel intensity and ICG concentration presented good

linearity within various working distances, as shown in Fig 2A. All fitting lines fit the data

Fig 2. System characterization. (A) Indocyanine green fluorescence detection sensitivity. (B) Contrast transfer functions at various working distances. (C)

Topography depth resolution. (D) Resolve fluorescence objects at different depths, where upper fluorescence target is placed on a plane 1 mm higher than

the lower target. (E) Lateral resolution with fluorescent dye filled plastic tubes.

https://doi.org/10.1371/journal.pone.0174928.g002
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points with high R-squared values (> 0.99). As ICG concentration increased, fluorescence sig-

nal intensity became saturated faster at a shorter working distance. The experimental results

showed that the system can detect an ICG concentration down to 10 nM at a signal-to-back-

ground ratio of at least 2.

The system was able to reach a spatial resolution of 5 line pairs per millimeter with 35%

contrast at 400 mm working distance (Fig 2B). A better contrast was obtained at closer work-

ing distances such as 300 mm and 350 mm, as expected. The contrast at 500 mm was more

rapidly degraded than the others due to the further working distance, indicating upper limit of

optimal working distance range. Various depths including 0.1 mm, 0.25 mm, 0.5 mm, 0.75

mm and 1 mm were investigated to determine topography depth resolution as demonstrated

in Fig 2C. The minimum difference in depth that the system can identify was 0.1 mm. Resolu-

tion of fluorescent targets on different heights were also achieved to demonstrate the utility of

topography detection (Fig 2D). In addition, two side-by-side fluorescent dye filled tubes lat-

erally separated by various distances were imaged to determine lateral resolution as illustrated

in Fig 2E. An average intensity profile across two tubes was plotted for each image. Two peaks

in the profile plots indicate a distinguishable separation between two fluorescent tubes. As a

result, the FITS prototype was able to differentiate a minimum lateral distance of 0.1 mm

between two fluorescent tubes at 300 mm working distance. The ICG lateral resolution

decreased as working distance increased, as expected.

The aforementioned characterization results showed that the FITS prototype had a 0.1 mm

depth resolution for topography and a lateral resolution of 0.1 mm. It offered a fluorescence

detection limit of 10 nM and good linearity across the different fluorophore concentrations.

Ex vivo image-guided surgeries

Imaging of chicken tissues was successfully performed using the FITS system. The prototype

acquired topography, color reflectance and NIR fluorescence of chicken tissues and facilitated

ex vivo image-guided surgeries (Fig 3). Color reflectance and surface topography images of the

chicken leg are shown in Fig 3A and 3C, respectively. The fluorescence-labeled protruding

tumor was imaged by fluorescence imaging as illustrated in Fig 3B. Topography data registered

with color reflectance and fluorescence images provided both anatomical and functional infor-

mation to guide surgery (Fig 3D). In another study, Fig 3F–3I shows color reflectance image,

NIR fluorescence image, surface topography, and surface topography registered with color

reflectance and NIR fluorescence of a simulated diffusely infiltrating tumor, respectively. With

the image guidance shown in Fig 3I, the user was able to conveniently identify and locate the

simulated cancerous tissues labeled by ICG. The prototype also provided real-time fluores-

cence imaging for facilitation of image-guided surgeries. The FITS images (Fig 3D and 3I)

offered a better perception of shape and depth of the organs/tissues than conventional planer

2D imaging systems (Fig 3B and 3G), facilitating image-guided surgical resections. The simu-

lated malignant protruding and diffusely infiltrating tumors were completely removed from

the chicken legs as shown in Fig 3E and 3J, respectively.

In vivo multimodal imaging of mouse SLNs with PET/CT

For in vivo SLN mapping study, intraoperative fluorescence imaging, color reflectance imag-

ing, topography scanning and image-guided surgeries in mice were conducted using the FITS

system (Fig 4). The lymph vessel (diameter < 0.3 mm) connecting the tracer injection site

(forepaw) and lymph node were clearly imaged by the FITS prototype. The FITS image in

which surface topography was registered with the color reflectance and fluorescence informa-

tion is shown in Fig 4D. An average signal-to-background ratio of the lymph nodes (n = 3)
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was 6.09 ± 0.6� the minimal SBR of 1.1 for positive identification of NIR fluorescence labeled

SLNs by in vivo [27]. The prototype successfully identified the lymph nodes, and surgical

resections were then facilitated by the guidance of real-time fluorescence imaging aided by the

FITS system. Fig 4E and 4F illustrate exposed lymph nodes after overlaying skin removal and

complete lymph node resection, respectively. The lymph nodes removed were subsequently

imaged ex vivo (Fig 4F).

The PET/CT data were co-registered with the FITS data to present final results for in vivo

multimodal mouse lymph node imaging (Fig 5). Preprocessed CT and PET data before co-reg-

istration are shown in Fig 5A and 5B, respectively. The FITS images co-registered with CT and

PET data separately are exhibited in Fig 5C and 5D. The co-registered images shown in Fig

5E–5H contain structural and functional information from all of the imaging modalities. The

alignment of PET/CT and FITS data was done in Meshlab with a global error bound of 0.0010

for a satisfactory co-registration [28]. CT data provided anatomical information while color

reflectance and topography provided surface profile. PET and fluorescence data co-located at

the lymph nodes, which were later confirmed by standard histology. Furthermore, the multi-

modal data were presented in a 3D model that can be rotated to offer convenient inspection of

the mice at different perspective to determine the location of the lymph nodes. The rotated

images can convey complementary anatomical and depth information to clinicians for better

image guidance and surgical planning. We have created a video showing 360˚ rotations of the

models around the axes to illustrate the dynamic visualization of the objects at various view-

points with depth perception (Supporting Information: S1 Video).

Discussion

In this study, we have demonstrated the concept of FITS system, the instrumentation design

and the feasibility of using the system for intraoperative multimodal imaging and surgical nav-

igation. We have characterized and demonstrated the capabilities of the system in providing

multimodal imaging, surgical navigation and image-guided surgeries ex vivo and in vivo in

small animals. In ex vivo study, we have shown that color reflectance, NIR fluorescence and

surface topography shows complementary information to the user and the reflectance-fluores-

cence-topography composite images provide a convenient way for image guidance and adap-

tive medical data visualization. The FITS system offered high resolution to detect the lesions.

In the study of in vivo mouse lymph node mapping, the FITS prototype allowed 3D visualiza-

tion of a sub-millimeter diameter lymph vessel and the entire draining lymphatic system from

the paw to the lymph node.

Powered by the multimodal imaging of the FITS/PET/CT, the advantages of individual

modalities were combined while the limitations were mitigated. The topography data captured

by the FITS system facilitates co-registration between PET/CT data and fluorescence/reflec-

tance data. Under multimodal image guidance based on PET/CT/FITS, both preoperative and

intraoperative image data were presented to users concurrently. The multimodal imaging data

facilitates both surgical planning and intraoperative imaging. The promise of using the FITS

for guidance of various surgical procedures has been shown.

Fig 3. Ex vivo image-guided surgeries in chicken. (A-D) Color reflectance, NIR fluorescence, surface

topography, and surface topography image registered with the fluorescence/reflectance, of simulated

protruding tumors, respectively. (F-I) Color reflectance, NIR fluorescence, surface topography, and surface

topography image registered with the fluorescence/reflectance, of a simulated diffusely infiltrating tumor,

respectively. (E) & (J) are surface topography images registered with the fluorescence/reflectance, of the

surgical scene after the image-guided resections.

https://doi.org/10.1371/journal.pone.0174928.g003
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With the FITS system, the surgeon will have the opportunity to interrogate the status of

lesions based on multimodal image data. Both preoperative image and intraoperative image

Fig 4. Ex vivo image-guided surgeries in mice. (A) Surface topography. (B) Surface topography registered with color reflectance. (C) Surface topography

registered with NIR fluorescence. (D) Surface topography registered with the reflectance and fluorescence, of the mouse prior to the surgery. (E) Surface

topography registered with the reflectance and fluorescence, of the mouse with lymph node exposed. (F) Surface topography registered with the reflectance

and fluorescence, of the mouse after the lymph node was removed.

https://doi.org/10.1371/journal.pone.0174928.g004
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Fig 5. Multimodal imaging of mouse SLNs with PET/CT & FITS system. (A) CT image. (B) PET image. (C) Composite FITS image (topography/

reflectance/fluorescence) co-registered with CT data. (D) Composite FITS image (topography/reflectance/fluorescence) co-registered with PET data. (E-H)

Composite FITS image (topography/reflectance/fluorescence) co-registered with PET/CT at different viewpoints.

https://doi.org/10.1371/journal.pone.0174928.g005
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data will be presented to surgeons conveniently for clinical decision support. The difficulties in

correlating PET/CT with intraoperative fluorescence data were greatly reduced. In addition,

multiscale imaging was achieved, where both whole-body anatomical reference and high-reso-

lution organ level functional image data can be presented to the user for adaptive visualization

and inspection. While robotic surgeries are a promising platform for many surgical proce-

dures, the majority of complex surgical procedures are still open surgeries. The FITS systems

expand the reach of the intraoperative multimodal image-guidance to all surgeons. Also, com-

mercial robotic surgery systems such as the Da VinciTM lack the capability to register intrao-

perative fluorescence images to preoperative PET/CT data to provide integrated surgical

navigation. The FITS system adds clinical values for intraoperative decision support while

reducing the need for coordinating image data from multiple sources.

Limitations and Future Work: The FITS system discussed herein is still a prototype, which

needs further development and optimization for future clinical translation. The experiments

presented in the manuscript (e.g. in vivo imaging of mice) refer to models where the subjects

present minor movements. In clinical medicine, motion artifacts may cause errors. We will

overcome the motion artifact in the future by accelerating the scan time and further develop-

ment of feature-based image registration algorithm. In the future, we will investigate real time

image reconstruction. The image registration algorithm also needs to be further developed to

enhance its usability by clinicians in surgical settings. The graphic user interface (GUI) will be

further optimized to facilitate the rapid adoption of users. We will also explore the potential of

autofluorescence imaging in the visible spectra to minimize the potential toxicity induced by

exogenous contrast agents.

The FITS system is a promising technology that can be broadly applied in various types of

surgeries including oncologic surgeries, plastic surgeries and other types of open surgery. In

addition to SLN mapping, we will investigate other surgical applications in the future. It is a

non-contact imaging system, which is safe to use and has translational potential. The system

can be deployed in the operating room, fully compatible with the existing surgical workflow.

Conclusions

We have developed a novel Fluorescence Imaging Topography Scanning (FITS) system for

image-guided intraoperative interventions and multimodal imaging. The FITS prototype is

small and can be deployed in the operating room fully compatible with existing surgical work-

flow. We have validated the prototype FITS system in sentinel lymph node mapping in vivo in

a mouse model. The system has demonstrated great potential for intraoperative multimodal

imaging and surgical navigation.

Supporting information

S1 Video. Supporting video of multimodal imaging and surgical navigation using the Fluo-

rescence Imaging Topography Scanning system and PET/CT. The video shows 360˚ rota-

tions of the models around the axes was created to illustrate the dynamic visualization of the

objects at various viewpoints.

(AVI)

Acknowledgments

This study was supported in part by grants from the Ohio Department of Development Third

Frontier Grant (TVSF 15–0123), the LEAP Award (F14-10-LIU-WEB) and the University of

Akron Startup Funds. We thank Dr. Bing Yu and Vivek Nagarajan for their assistance.

Fluorescence Imaging Topography Scanning System for intraoperative multimodal imaging

PLOS ONE | https://doi.org/10.1371/journal.pone.0174928 April 24, 2017 12 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0174928.s001
https://doi.org/10.1371/journal.pone.0174928


Author Contributions

Conceptualization: YL.

Data curation: YL WBE FAP FSB TTQ HYK.

Formal analysis: YL WBE FAP FSB TTQ HYK.

Funding acquisition: YL WBE.

Investigation: YL WBE FAP FSB TTQ HYK.

Methodology: YL WBE FAP FSB TTQ HYK.

Project administration: YL WBE FAP.

Resources: YL WBE FAP FSB.

Software: YL WBE FAP FSB TTQ.

Supervision: YL WBE FAP FSB.

Validation: YL WBE FAP FSB TTQ HYK.

Visualization: YL WBE FAP FSB TTQ HYK.

Writing – original draft: YL WBE FAP FSB TTQ HYK.

Writing – review & editing: YL WBE FAP FSB TTQ HYK.

References
1. Chi C, Du Y, Ye J, Kou D, Qiu J, Wang J, et al. Intraoperative imaging-guided cancer surgery: from cur-

rent fluorescence molecular imaging methods to future multi-modality imaging technology. Theranos-

tics. 2014; 4(11):1072–84. https://doi.org/10.7150/thno.9899 PMID: 25250092

2. Handgraaf HJ, Verbeek FP, Tummers QR, Boogerd LS, van de Velde CJ, Vahrmeijer AL, et al. Real-

time near-infrared fluorescence guided surgery in gynecologic oncology: a review of the current state of

the art. Gynecol Oncol. 2014; 135(3):606–13. https://doi.org/10.1016/j.ygyno.2014.08.005 PMID:

25124160

3. Liu JT, Meza D, Sanai N. Trends in fluorescence image-guided surgery for gliomas. Neurosurgery.

2014; 75(1):61–71. https://doi.org/10.1227/NEU.0000000000000344 PMID: 24618801

4. Cao L, Peter J. Investigating line- versus point-laser excitation for three-dimensional fluorescence imag-

ing and tomography employing a trimodal imaging system. J Biomed Opt. 2013; 18(6):066015. https://

doi.org/10.1117/1.JBO.18.6.066015 PMID: 23797896

5. Lutje S, Rijpkema M, Goldenberg DM, van Rij CM, Sharkey RM, McBride WJ, et al. Pretargeted dual-

modality immuno-SPECT and near-infrared fluorescence imaging for image-guided surgery of prostate

cancer. Cancer Res. 2014; 74(21):6216–23. https://doi.org/10.1158/0008-5472.CAN-14-0594 PMID:

25252911

6. Solomon M, Nothdruft RE, Akers W, Edwards WB, Liang K, Xu B, et al. Multimodal fluorescence-medi-

ated tomography and SPECT/CT for small-animal imaging. J Nucl Med. 2013; 54(4):639–46. https://

doi.org/10.2967/jnumed.112.105742 PMID: 23447655

7. Smith AM, Mancini MC, Nie S. Bioimaging: second window for in vivo imaging. Nat Nanotechnol. 2009;

4(11):710–1. https://doi.org/10.1038/nnano.2009.326 PMID: 19898521

8. Yi X, Wang F, Qin W, Yang X, Yuan J. Near-infrared fluorescent probes in cancer imaging and therapy:

an emerging field. Int J Nanomedicine. 2014; 9:1347–65. https://doi.org/10.2147/IJN.S60206 PMID:

24648733

9. Laios A, Volpi D, Tullis ID, Woodward M, Kennedy S, Pathiraja PN, et al. A prospective pilot study of

detection of sentinel lymph nodes in gynaecological cancers using a novel near infrared fluorescence

imaging system. BMC Res Notes. 2015; 8:608. https://doi.org/10.1186/s13104-015-1576-z PMID:

26502876

Fluorescence Imaging Topography Scanning System for intraoperative multimodal imaging

PLOS ONE | https://doi.org/10.1371/journal.pone.0174928 April 24, 2017 13 / 14

https://doi.org/10.7150/thno.9899
http://www.ncbi.nlm.nih.gov/pubmed/25250092
https://doi.org/10.1016/j.ygyno.2014.08.005
http://www.ncbi.nlm.nih.gov/pubmed/25124160
https://doi.org/10.1227/NEU.0000000000000344
http://www.ncbi.nlm.nih.gov/pubmed/24618801
https://doi.org/10.1117/1.JBO.18.6.066015
https://doi.org/10.1117/1.JBO.18.6.066015
http://www.ncbi.nlm.nih.gov/pubmed/23797896
https://doi.org/10.1158/0008-5472.CAN-14-0594
http://www.ncbi.nlm.nih.gov/pubmed/25252911
https://doi.org/10.2967/jnumed.112.105742
https://doi.org/10.2967/jnumed.112.105742
http://www.ncbi.nlm.nih.gov/pubmed/23447655
https://doi.org/10.1038/nnano.2009.326
http://www.ncbi.nlm.nih.gov/pubmed/19898521
https://doi.org/10.2147/IJN.S60206
http://www.ncbi.nlm.nih.gov/pubmed/24648733
https://doi.org/10.1186/s13104-015-1576-z
http://www.ncbi.nlm.nih.gov/pubmed/26502876
https://doi.org/10.1371/journal.pone.0174928


10. Handgraaf HJ, Boogerd LS, Verbeek FP, Tummers QR, Hardwick JC, Baeten CI, et al. Intraoperative

fluorescence imaging to localize tumors and sentinel lymph nodes in rectal cancer. Minim Invasive Ther

Allied Technol. 2015:1–6.

11. Jewell EL, Huang JJ, Abu-Rustum NR, Gardner GJ, Brown CL, Sonoda Y, et al. Detection of sentinel

lymph nodes in minimally invasive surgery using indocyanine green and near-infrared fluorescence

imaging for uterine and cervical malignancies. Gynecol Oncol. 2014; 133(2):274–7. https://doi.org/10.

1016/j.ygyno.2014.02.028 PMID: 24582865

12. Guo W, Zhang L, Ji J, Gao W, Liu J, Tong M. Breast cancer sentinel lymph node mapping using near-

infrared guided indocyanine green in comparison with blue dye. Tumour Biol. 2014; 35(4):3073–8.

https://doi.org/10.1007/s13277-013-1399-2 PMID: 24307620

13. van der Vorst JR, Schaafsma BE, Verbeek FP, Keereweer S, Jansen JC, van der Velden LA, et al.

Near-infrared fluorescence sentinel lymph node mapping of the oral cavity in head and neck cancer

patients. Oral Oncol. 2013; 49(1):15–9. https://doi.org/10.1016/j.oraloncology.2012.07.017 PMID:

22939692

14. Oh Y, Quan YH, Choi Y, Kim CK, Kim H, Kim HK, et al. Intraoperative combined color and fluorescent

images-based sentinel node mapping in the porcine lung: comparison of indocyanine green with or with-

out albumin premixing. J Thorac Cardiovasc Surg. 2013; 146(6):1509–15. https://doi.org/10.1016/j.

jtcvs.2013.02.044 PMID: 23522603

15. Gilmore DM, Khullar OV, Jaklitsch MT, Chirieac LR, Frangioni JV, Colson YL. Identification of meta-

static nodal disease in a phase 1 dose-escalation trial of intraoperative sentinel lymph node mapping in

non-small cell lung cancer using near-infrared imaging. J Thorac Cardiovasc Surg. 2013; 146(3):562–

70; discussion 9–70. https://doi.org/10.1016/j.jtcvs.2013.04.010 PMID: 23790404

16. Ale A, Ermolayev V, Herzog E, Cohrs C, de Angelis MH, Ntziachristos V. FMT-XCT: in vivo animal stud-

ies with hybrid fluorescence molecular tomography-X-ray computed tomography. Nat Methods. 2012; 9

(6):615–20. https://doi.org/10.1038/nmeth.2014 PMID: 22561987

17. Mohajerani P, Hipp A, Willner M, Marschner M, Trajkovic-Arsic M, Ma X, et al. FMT-PCCT: hybrid fluo-

rescence molecular tomography-x-ray phase-contrast CT imaging of mouse models. IEEE Trans Med

Imaging. 2014; 33(7):1434–46. https://doi.org/10.1109/TMI.2014.2313405 PMID: 24686244

18. Zhang G, Liu F, Zhang B, He Y, Luo J, Bai J. Imaging of pharmacokinetic rates of indocyanine green in

mouse liver with a hybrid fluorescence molecular tomography/x-ray computed tomography system. J

Biomed Opt. 2013; 18(4):040505. https://doi.org/10.1117/1.JBO.18.4.040505 PMID: 23595825

19. Vonwil D, Christensen J, Fischer S, Ronneberger O, Shastri VP. Validation of fluorescence molecular

tomography/micro-CT multimodal imaging in vivo in rats. Mol Imaging Biol. 2014; 16(3):350–61. https://

doi.org/10.1007/s11307-013-0698-8 PMID: 24163020

20. Stuker F, Baltes C, Dikaiou K, Vats D, Carrara L, Charbon E, et al. Hybrid small animal imaging system

combining magnetic resonance imaging with fluorescence tomography using single photon avalanche

diode detectors. IEEE Trans Med Imaging. 2011; 30(6):1265–73. https://doi.org/10.1109/TMI.2011.

2112669 PMID: 21317083

21. Li C, Yang Y, Mitchell GS, Cherry SR. Simultaneous PET and multispectral 3-dimensional fluorescence

optical tomography imaging system. J Nucl Med. 2011; 52(8):1268–75. https://doi.org/10.2967/jnumed.

110.082859 PMID: 21810591

22. van Oosterom MN, Kreuger R, Buckle T, Mahn WA, Bunschoten A, Josephson L, et al. U-SPECT-Bio-

Fluo: an integrated radionuclide, bioluminescence, and fluorescence imaging platform. EJNMMI Res.

2014; 4:56. https://doi.org/10.1186/s13550-014-0056-0 PMID: 25386389

23. Geng J. Structured-light 3D surface imaging: a tutorial. Adv Opt Photon. 2011; 3(2):128–60.

24. Inokuchi S, Sato K, Matsuda F. Range Imaging System for 3-D Object Recognition. International Con-

ference on Pattern Recognition. 1984:806–8.

25. Goshtasby AA. 2-D and 3-D Image Registration for Medical, Remote Sensing, and Industrial Applica-

tions: John Wiley & Sons; 2005.

26. Cignoni P, Callieri M, Corsini M, Dellepiane M, Ganovelli F, Ranzuglia G, editors. Meshlab: an open-

source mesh processing tool. Eurographics Italian Chapter Conference; 2008 Jul 24.

27. Verbeek FP, Troyan SL, Mieog JS, Liefers GJ, Moffitt LA, Rosenberg M, et al. Near-infrared fluores-

cence sentinel lymph node mapping in breast cancer: a multicenter experience. Breast Cancer Res

Treat. 2014; 143(2):333–42. https://doi.org/10.1007/s10549-013-2802-9 PMID: 24337507

28. Bostanci E. 3D Reconstruction of Crime Scenes and Design Considerations for an Interactive Investiga-

tion Tool. arXiv preprint arXiv:151203156. 2015.

Fluorescence Imaging Topography Scanning System for intraoperative multimodal imaging

PLOS ONE | https://doi.org/10.1371/journal.pone.0174928 April 24, 2017 14 / 14

https://doi.org/10.1016/j.ygyno.2014.02.028
https://doi.org/10.1016/j.ygyno.2014.02.028
http://www.ncbi.nlm.nih.gov/pubmed/24582865
https://doi.org/10.1007/s13277-013-1399-2
http://www.ncbi.nlm.nih.gov/pubmed/24307620
https://doi.org/10.1016/j.oraloncology.2012.07.017
http://www.ncbi.nlm.nih.gov/pubmed/22939692
https://doi.org/10.1016/j.jtcvs.2013.02.044
https://doi.org/10.1016/j.jtcvs.2013.02.044
http://www.ncbi.nlm.nih.gov/pubmed/23522603
https://doi.org/10.1016/j.jtcvs.2013.04.010
http://www.ncbi.nlm.nih.gov/pubmed/23790404
https://doi.org/10.1038/nmeth.2014
http://www.ncbi.nlm.nih.gov/pubmed/22561987
https://doi.org/10.1109/TMI.2014.2313405
http://www.ncbi.nlm.nih.gov/pubmed/24686244
https://doi.org/10.1117/1.JBO.18.4.040505
http://www.ncbi.nlm.nih.gov/pubmed/23595825
https://doi.org/10.1007/s11307-013-0698-8
https://doi.org/10.1007/s11307-013-0698-8
http://www.ncbi.nlm.nih.gov/pubmed/24163020
https://doi.org/10.1109/TMI.2011.2112669
https://doi.org/10.1109/TMI.2011.2112669
http://www.ncbi.nlm.nih.gov/pubmed/21317083
https://doi.org/10.2967/jnumed.110.082859
https://doi.org/10.2967/jnumed.110.082859
http://www.ncbi.nlm.nih.gov/pubmed/21810591
https://doi.org/10.1186/s13550-014-0056-0
http://www.ncbi.nlm.nih.gov/pubmed/25386389
https://doi.org/10.1007/s10549-013-2802-9
http://www.ncbi.nlm.nih.gov/pubmed/24337507
https://doi.org/10.1371/journal.pone.0174928

